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FORWARD 

This  document i s  t h e  f i n a l  r e p o r t  of t h e  development e f f o r t  of a 
multi-hundred k l l o w a t t  AC/DC power t r a n s f e r  device .  This  work w a s  c a r r i e d  
out  by t h e  Space Systems Div i s ion  of t h e  Aerospace & Marine Group of Spe r ry  
under c o n t r a c t  Number NAS3-24264 f o r  t he  Na t iona l  Aeronaut ics  and Space 
Adminis t ra t ion .  The hardware w a s  f a b r i c a t e d  and t e s t e d  by personnel  from 
t h e  Bearing/Sensor  Laboratory a t  t h e  Space Systems Divis ion .  This power 
t r a n s f e r  d e v i c e  was an e x t e n s i o n  of Sper rys  R o l l  Ring technology. The 
hardware developed under t h i s  c o n t r a c t  w a s  an e i g h t  channel  Ro l l  Ring power 
t r a n s f e r  Evalua t ion  Unit (EU)  and an a s s o c i a t e d  Test F i x t u r e  (TJ?). The 
l a t t e r  provides  an i n t e g r a l  r o t a t i o n a l  d r i v e  as w e l l  as a vacuum chamber i n  
a p o r t a b l e  system. The c o n t r a c t  included only s h o r t  term t e s t i n g  of t h e  EU 
s i n c e  t h e  long term f u l l  power t e s t i n g  w i l l  be conducted by the  L e w i s  
Research Center.  

Mr David Renz w a s  t h e  NASA Program Monitor f o r  t h i s  c o n t r a c t .  Mr. 
P e t e  Jacobson was the  S p c r r y  P r o j e c t  Leader. Mr. Ryan P o r t e r  c o n t r i b u t e d  
t o  the  des ign  concept and v a r i o u s  ana lyses  and manufactur ing techniques .  
M r .  Richard Wetnight d i r e c t e d  t h e  numer ica l ly  c o n t r o l l e d  machining a t  
Sperry w h i l e  Messrs Richard Ajask i  and Kent Gabbi tas  performed t h e  many 
a s sembly / t e s t  ope ra t ions .  A l l  p l a t i n g  of c r i t i c a l  c i r c u i t  components was 
performed by American Electroplating of Sommerville, Massachusets under 
t h e  d i r e c t i o n  of M r .  Gene Levy. 
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SUMMARY 

This  document d e s c r i b e s  t h e  r e s u l t s  of an  i n t e n s i v e  t e c h n i c a l  e f f o r t  
by Sper ry  pe r sonne l  t o  produce an  Eva lua t ion  Unit  ( E U )  f o r  t h e  u l t i m a t e  
t r a n s f e r  of h igh  v o l t a g e  (up t o  500 v o l t s )  h i g h  c u r r e n t  (up t o  200 amp- 
eres) power a c r o s s  a r o t a t i n g  i n t e r f a c e  i n  vacuum f o r  u l t i m a t e  u t i l i z a t i o n  
i n  space v e h i c l e s .  Both AC and DC power can be t r a n s f e r r e d .  The t o t a l  
u n i t  power t r a n s f e r  c a p a b i l i t y  has  been i n c r e a s e d  from t h e  o r i g i n a l  4KW 
f o r  a two c i r c u i t  c o n f i g u r a t i o n  t o  800KW f o r  an  8 c i r c u i t  nodule. The base  
technology f o r  t h i s  e f f o r t  was a s i g n a l  and power t r a n s f e r  d e v i c e  known as 
a Ro l l  Ring developed by Sper ry  on previous  programs. The R o l l  Ring i s  a 
device  f o r  conduct ing  e l ec t r i ca l  energy a c r o s s  a r o t a t i n g  i n t e r f a c e  w i t h  
r o l l i n g  r a t h e r  t han  s l i d i n g  c o n t a c t s .  

Prev ious  hardware development e f f o r t s  on t h e  R o l l  Ring had r e s u l t e d  i n  
a two c i r c u i t ,  low v o l t a g e ,  c o n f i g u r a t i o n  which was capab le  of t r a n s f e r r i n g  
c u r r e n t s  t o  200 amperes. The performance on t h i s  i n i t i a l  u n i t  demonstrated 
a d v a n t ~ g e s  Over a l t e r n a t e  dev ices  such a s  r o t a r y  t r a n s € o r n e r s  a t  power 
l e v e l s  of 2 KW. A subsequent advanced des ign  in t roduced  mod i f i ca t ions  t o  
t h e  o r i g i n a l  p ro to type  which provided a number of re f inements  t o  t h e  
p ro to type  d e s i g n  wi th  a d d i t i o n a l  p o t e n t i a l  performance improvements. It  
was from t h i s  background t h a t  t h e  EU des ign  and hardware was developed on 
the  c o n t r a c t  desc r ibed  i n  t h i s  r e p o r t .  Th i s  c o n t r a c t  e E f o r t  has  
demonstrated t h e s e  impor tan t  d e s i g n  improvements such a s  h igh  v o l t a g e  
i n t e g r i t y ,  i n c r e a s e d  power t r a n s f e r  e E f i c i e n c y ,  improved c i r c u i t  p a t h s  and 
t e r m i n a t i o n s  as w e l l  as m u l t i - c i r c u i t  c a p a b i l i t y .  A p a t e n t  h a s  been 
a p p l i e d  f o r  on t h e s e  improvements. 

G s e t  of a n a l y s e s  were conducted a t  t he  o u t s e t  of t h i s  e f f o r t  r e l a t e d  
t o  key d e s i g n  parameters.  A d e s i g n  l ayou t  was then  executed f o r  both t h e  
EU and t h e  TF from which a set oE manufacturing drawings were prepared. 
F a b r i c a t i o n  t o o l i n g  was then  des igned  and f a b r i c a t e d  followed by complete 
f a b r i c a t i o n  and /o r  procurement of a l l  d e t a i l  components of bo th  t h e  EU and 
the  TF. 

I 

T h e  EU was assembled f i r s t  with only one c i r c u i t  i n  a holdfng  f i x t u r e  
t o  allow a s t a t i c  temperature map and t r ansEcr  e f f i c i e n c y  t o  be determined 
i n  both a i r  and i n  vacuum w i t h  conducted cqrrents of 50 t o  200 amperes. I 
These tests provided  va luab le  h e a t  t r a n s f e r  d a t a  f o r  va r ious  thermal  p a t h  
des ign  v a r i a t i o n s  and formed a b a s i s  f o r  o p t i m i z a t i o n  of the t r a n s f e r  i n  
t h e  f i n a l  u n i t .  

The f u l l  e i g h t  c i r cu i t  EU was then  assembled a f t e r  making a few minor ' 
m o d i f i c a t i o n s  which r e f l e c t e d  t h e  thermal mapping tests. The u n i t  w a s  
assembled on to  t h e  TF and s u b j e c t e d  t o  a set of s t a t i c  pre-tests. The u n i t  
w a s  t h e n  s u b j e c t e d  t o  both  s t a t i c  and dynamic t e s t i n g  wh i l e  conduct ing  
c u r r e n t s  of 50 t o  200 amperes a t  <10 v o l t s  bo th  i n  a i r  and i n  vacuum. A l l  
performance requi rements  were met w i t h  t h e  e x c e p t i o n  of c i r c u i t  c a p a c i t a n c e  1 
a r e l a t i v e l y  unimportant d e s i g n  g o a l  . A k inemat i c  problem was d i scove red  
du r ing  t h i s  t e s t i n g ,  however, which n e c e s s i t a t e d  a minor des ign  change and 
re furb ishment  of t h r e e  of t h e  EU components, The u n i t  was subsequen t ly  
r e f u r b i s h e d  and r e s u b j e c t e d  t o  tes t .  A second set of test d a t a  w a s  t hen  
compiled w i t h  e s s e n t i a l l y  i d e n t i c a l  r e s u l t s  w i t h  t h a t  of t h e  p rev ious  
b u i l d  . 3 
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The i n i t i a l  c o n f i g u r a t i o n  of t h e  EU w a s  wi red  t o  impose a worst  case 
cond i t ion  r e l a t i v e  t o  v o l t a g e  d i f f e r e n t i a l  between ad jacen t  c i r c u i t s .  
During 500 v o l t  t e s t i n g  a t  2 amps an  i n t e r n a l  p lasma occured which s h o r t  
c i r c u i t e d  two a d j a c e n t  c i r c u i t s .  As a r e s u l t  t h e  u n i t  w a s  r e fu rb i shed ,  
modified t o  e l i m i n a t e  t h i s  wors t  case tes t  mode and subsequent ly  passed a l l  
c r i t i c a l  tes t  requirements .  The f i n a l  t r a n s f e r  e f f i c i e n c y  was determined 
t o  be 99.98 pe rcen t  pe r  c i r cu i t  p ro jec t ed  t o  a 100 Kw power l e v e l .  

The EU and t h e  TF have been shipped t o  t h e  Lewis Research Center f o r  
f u l l  power t e s t i n g  a t  up t o  100 KW per  c i r c u i t .  The primary o b j e c t i v e s  of 
t h i s  development c o n t r a c t  have been met. The power t r a n s f e r  u n i t  devel-  
oped on t h i s  program is  now a v a i l a b l e  f o r  power t r a n s f e r  e v a l u a t i o n s  a t  
l e v e l s  never  before  achieved f o r  a vacuum cornpatable r o t a t i o n a l  i n t e r f a c e .  
With f u r t h e r  r e f inemen t s ,  i t  is  a p r i m e  c a n d i d a t e ,  t h e r e f o r e ,  f o r  t h e  
i n i t i a l  Space S t a t i o n  a p p l i c a t i o n s  and beyond. 

c 
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Nomenclature 

2 
AC = 

Area of F lexure  Con tac t ,  c m  

A = Area of Spr ing  Con tac t ,  c m  
S 2 

A = Flexure  S e c t i o n  Area, c m  
F 

a = Contact CLrcumferential  F o o t p r i n t  Half Length,  mm (I  = s u b s c r i p t  

2 

f o r  I n n e r  Ring ,  etc.) 

b = Contac t  Ax ia l  F o o t p r i n t  H a l f  L e n g t h , . m  (I = S u b s c r i p t  f o r  I n n e r  

Ring, etc.) 

c = C e n t r o i d a l  Dis tance  t o  S t r e s s  F i b e r ,  c m  ( I  = S u b s c r i p t  f o r  Inne r  

F i b e r ,  etc.) 
2 

E = Elastic Modulus of F lexure  Material, Newton/cm 
1 2 

E = Elast ic  Modulus of Ring Material, Newton/cm 
2 

E = Source P o t e n t i a l ,  v o l t s  

e = T r a n s f e r  E f f i c i e n c y ,  Percent  

F = Normal Clamping Force ,  Newtons 

F = Radia l  P re load ,  Newtons 
R 4 

I = Flexure  S e c t i o n  Second Moment about N e u t r a l  A x i s ,  Cm 

I = Flexure  S e c t i o n  Second Moment about Radius Center,  Cm 

I = Conducted C u r r e n t ,  Amperes 

K = Flexure  Bending S t i f f n e s s ,  Newtons/Cm 

L = Flexure  Radius Center  Axia l  Loca t ion ,  Cnl 

L = F 1  xure  Radius Center  Rad ia l  Loca t ion ,  Cm 

M = Bend ing  Moment, Newton Cm 
n = Number OE Flexures 

P = Radia l  Clamping P r e s s u r e ,  Newtons/cm 

Q = Heat T r a n s f e r ,  Cal/Hr 

R = Co f o r m i t y  R a t i o  

R = Free  F lexure  I n s i d e  Radius,  Cm 

R = Major Radius of c u r v a t u r e  of Ring Groove, Cm ( I  = S u b s c r i p t  for 

T 

4 
xx 
C 

L A 

R 

2 

C P 
F 

G 
I n n e r  Groove, etc.) 



NOMENCLATURE (cont  'd) 

R =  

R =  

R =  

r =  

r =  

r =  

r =  

s =  
T =  
t =  

w =  
Y =  

Y =  

H 

S 

T 

1 

2 

- 
R 

R - 

dI = 

d ,  = 

B =  

Q =  
- - 
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QR 
?C 

P F  
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0 2 
Thermal R e s i s t i v i t y ,  sec C c m  /cal  c m  

S t a b i l i t y  R a t i o  

Terminal-to-Terminal R e s i s t a n c e ,  Ohms 

Minor Radius of Curva ture  of F lexure ,  Cm 

Minor Radius of Curva ture  of Ring Groove, Cm 

Radius t o  Neu t ra l  Axis of F l e x u r e ,  Cm 

R a d i a l  Dis tance  t o  Cen t ro id ,  Cm 

S t a b i l i t y  R a t i o  
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Contact S t r a d d l e  Angle, Degrees ( I  S u b s c r i p t  f o r  Inne r  
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Loca t ion  Angle,  Degrees ( 9 = RadLans) 

Bending S t ress ,  Newtons/Cm 

Current  Dens i ty  a t  Con tac t ,  Amp/cm 

Cur ren t  Dens i ty  of F l e x u r e ,  Amp/cm 
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SECTION 1 
INTRODUCTION 

1-1 BACKGROUND 

. The purpose of Con t rac t  Number NAS3-24264 w a s  t o  suppor t  t h e  
development of an  e i g h t  c i r c u i t  Ro l l  Ring e lectr ical  power t r a n s f e r  dev ice  
and a s s o c i a t e d  T e s t  F i x t u r e  (TF) and t o  conduct an i n i t i a l  s h o r t  term 
performance e v a l u a t i o n  of t h e  device.  Throughout t h i s  r e p o r t  t h i s  power 
t r a n s f e r  d e v i c e  w i l l  be r e f e r r e d  t o  as the  Evalua t ion  Unit  (EU). Previous  
t o  t h i s  c o n t r a c t  a two c i r c u i t  pro to type  power t r a n s f e r  module had been 
developed and eva lua ted  which u t i l i z e d  the  R o l l  Ring conf igu ra t ion .  Th i s  
i n i t i a l  u n i t ,  however, was n o t  designed t o  accomodate an o p e r a t i n g  v o l t a g e  
as h igh  as 500 v o l t s  nor w a s  i t  designed t o  accomodate as many as e i g h t  
c i r c u i t s .  The terminal- to- terminal  r e s i s t a n c e ,  a very  important  d e s i g n  
parameter ,  was on ly  0.6 milli-ohms but  not  as low as p o t e n t i a l l y  poss ib l e .  
Ex te rna l  connec t ions  t o  t h i s  i n i t i a l  module were ine f  f i c i e n t  and incons i s -  
t a n t  from a r e s i s t i v e  s t andpo in t  and were d i f f i c u l t  t o  i n t e r f a c e  w i t h  
e x t e r n a l l y .  A major t a s k  of t h i s  l a t e s t  c o n t r a c t  development w a s  t o  
overcome t h e s e  and o t h e r  l i m i t a t i o n s  and t o  provide  a n  EU wi th  improved 
ope ra t ing  c h a r a c t e r i s t f c s  f o r  long term t e s t i n g  i n  a s imula ted  environment. 

The r e l i a b l e  t r a n s f e r  of l a r g e  c u r r e n t s  a t  h igh  vo l t age  l e v e l s  a c r o s s  
a r o t a t i n g  i n t e r f a c e  i n  a hard vacuum € o r  long p e r i o d s  of time i s  a d i f -  
f i c u l t  problem. Any s l i d i n g  i n t e r f a c e s  r e q u i r e  t h e  d i s c i p l i n e s  of Phys ics  
( f r i c t i o n ) ,  Meta l lurgy  (wear ) ,  Chemistry ( l u b r i c a t i o n )  and Thermodynamics 
(hea t  t r a n s f e r ) .  These problems are compounded i n  a vacuum environment. 
When an e l e c t r i c a l  c u r r e n t  is  passed through an in te r face  of two components 
des ign  g u i d e l i n e s  are almost non-exis tent .  When t h i s  i n t e rEace  i s  r o l l i n g  
even less i s  known r e l a t i v e  t o  t h e  des ign  requirements .  

A set of des ign  guide  l i n e s  were imposed a t  t h e  o u t s e t  of t h i s  devel-  
opment e € f o r t  which were de r ived  from previous  R o l l  Ring development tests. 
These guide  l i n e s  w i l l  be c i t e d  throughout t h i s  r e p o r t  wi thout  any a t t empt  
t o  suppor t  t h e i r  a u t h o r t t y  wi th  the except ion  o €  a few which w i l l  h e  backed 
up  with a r e fe rence  document or report. It s h o u l d  a l s o  be emphasized h e r e  
t h a t  t hese  g u i d e l i n e s  are of a p r o p r i e t a r y  n a t u r e  and should be handled 
accord ing  l y  . 

The o p e r a t i n g  p r i n c i p l e s  of t h e  Ro l l  Ring w i l l  no t  be desc r ibed  i n  
t h i s  r e p o r t  s i n c e  r e f e r e n c e s  are  c i t e d  which cover  t h a t  area thoroughly.  
The b a s i c  concept  is covered in r e fe rence  1. The h igh  c u r r e n t  concept  
is covered i n  r e f e r e n c e s  2 and 3 .  Figure  1 is a photograph of an e a r l y  
s i n g l e  F lexure  R o l l  Ring c i r c u i t  and Figure  2 is  a photograph of a h igh  
c u r r e n t  tes t  module p ro to type  taken  from r e f e r e n c e  3. The Figure  a l s o  
summarizes t h e  test  d a t a  taken  on t h i s  u n i t ,  ' 

2. DISCUSSION 

This  r e p o r t  w i l l  cover  t h e  va r ious  s t a g e s  of t h e  c o n t r a c t e d  develo-  
pment i n  t h e  ch rono log ica l  o r d e r  i n  which they  occurred.  
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Figure 1 

Single Roll Ring Signal Circuit 
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2-1 DESIGN 

The a c t u a l  des ign  of t h e  EU and TF components was preceeded by a 
se t  of des ign  ana lyses .  These covered t h e  most c r i t i c a l  of t he  pr imary 
ope ra t ing  parameters. Each of t h e s e  ana lyses  and t h e  r e l a t e d  des ign  
parameter w i l l  be d i scussed .  

2-1.1 F lexure  - Mul t ip l e  F lexures  ( see  F igu re  2 )  i n  a s i n g l e  r i n g  set 
annulus  are used t o  o b t a i n  a greater t r a n s f e r  c u r r e n t  capac i ty  s i n c e  
t h e  F lexures  are  e l e c t r i c a l l y  connected i n  paral le l .  To p r o h i b i t  
s l i d i n g  between a d j a c e n t  f l e x u r e s ,  an i d l e r  system is  used which 
provides  a r o l l i n g  i n t e r f a c e  a t  every F l e x u r e / I d l e r  con tac t .  The 
I d l e r s  are p i l o t e d  by a Guide Rai l  which i s  f i x e d  t o ,  and r o t a t e s  
wi th ,  t he  Inner  c u r r e n t  c o l l e c t i o n  r ing.  To main ta in  I d l e r  pre load-  
ing  a f u l l  complement of I d l e r s  and Flexures  is  used. The s i z e  of t h e  
va r ious  r o l l i n g  elements  i s  s o  s e l e c t e d  as t o  a s s u r e  a n e g l i g a b l e  s l i p  
a t  each of t h e  t h r e e  i n t e r f a c e s .  

F igure  3 ,  t aken  from r e f e r e n c e  3, i s  a mechanical schematic  oE t h e s e  
t h r e e  i n t e r f a c e s  and shows t h e  var ious  v e l o c i t y  vec to r s  involved.  A 
computer program was used t o  s e l e c t  t h i s  i n t e r f a c e  matching on t h e  
b a s i s  of z e r o  s l i d i n g  and provides  a p r i n t  ou t  oE a l l  a c c e p t a b l e  
des igns  of t h e  I d l e r  and Guide  Ra i l  €o r  a g iven  set  O E  Collector 
Ring r a d i i  and Flexure  q u a n t i t y .  Table I i s  a compi la t ion  of a l l  
a c c e p t a b l e  combinations w i t h  t h e  f i n a l  des ign  i d e n t i E i e d  on t h e  
t a b l e .  An EU c o n f i g u r a t i o n  wi th  10 F lexures  w a s  choosen. Small  
dimensional  d e v i a t i o n s  from t h e  i d e a l  r a d i  r e p r e s e n t  micro s l i d i n g  
a t  one o r  more in t e rEace  and are not  c r i t i c a l .  

Another important  des ign  parameter  o f  t h e  F lexure  i s  bending stress. 
The stress magnitude and d i s t r i b u t i o n  math model i s  g iven  i n  Appen- 
d i x  A. T a b l e  T I  is a summary of t he  de r ived  s t ress  and s t i f f n e s s  
oE the  F lexure  designed i n t o  the EU. Tt is t o  be noted t h a t  t h e  
c c n t r o i d a l  d i s t a n c e  t o  the  o u t e r  Eiber  of the  F lexure  i s  s l i g h t l y  
l a r g e r  than  t o  the inne r  s o  t h a t  the  maximum compressive s t r e s s  i s  a t  
the  load ( c o n t a c t )  p o i n t s  and the  milximilln t e n s i l e  stress i s  s l i g h t l y  
less a t  the  same l o c a t i o n .  F a t i q u e ,  however, would propagate  from a 
t ens i l e  stress po in t .  S ince  the  maximum t e n s i l e  stress occurs  a t  t h e  
F lexure  i n n e r  w a l l  a t  t h e  f r e e  loop zones t h i s  area is  t h e  most 
impor tan t  from a des ign  s t andpo in t .  

The a l lowab le  f a t i q u e  stress was determined from a previous  set  of 
f a t i q u e  t es t  d a t a  taken on a c t u a l  p l a t e d  r i n g s .  (Reference 5) .  These 
samples were f a b r i c a t e d  from Beryl l ium Copper Alloy 172 i n  a manner 
i d e n t i c a l  t o  t h a t  used in f l e x u r e  f a b r i c a t i o n .  The samples were 
s o l u t i o n  annealed t o  remove r e s i d u a l  stresses and for g r a i n  re f inement ,  
p e r c i p i t a t i o n  hardened and p l a t e d .  The test  d a t a  w a s  used t o  de te rmine  
t h e  wors t  case (-36 ) scatter of the  d a t a  as shown i n  F igu re  4 ( t aken  
from r e f e r e n c e  3 )  and is compared w i t h  publ i shed  "sheet  s tock"  d a t a  
a v a i l a b l e  a t  the  time. The miximum ( + 3 6 )  p y d i c t e d  stress l e v e l s  of 
t he  EU des ign  are below t h e  20,000 Newton/Cm endurance stress l i m i t  
shown i n  F igu re  4 even though t h e  l i f e  c y c l e s  are  less than  t h e  "knee" 
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IDLER DESIGN GUIDE DESIGN 
OUTER ROLLER INNER ROLLER OUTER R I N G  
R A D I U S  ( I N )  RADIUS ( I N )  R I N  RADIUS (IN) 

. 1 6 3 6  

. 1 7 8 6  

. 1 9 5 6  

. 2 1 4 2  

. 2 3 4 3  

. 2 5 5 7  

. 2 7 8 3  

. 3 0 2 0  

. 3 2 6 8  

. 3 5 2 4  

. 3 7 8 8  

. 4 0 6 1  

. 4 3 4 1  

. 4 6 2 7  

. 4 9 2 0  

. 5 2 1 9  

. 5 5 2 3  

. 5 8 3 3  

. 6 1 4 8  

. 6 4 6 7  

. 6 7 9 1  

. 7 1 2 0  

. 7 4 5 2  

. 7 7 8 9  

. 8 1 2 9  

. a 4 7 3  

. 8 8 2 0  

. 9 1 7 0  

. 9 5 2 4  

. 9 8 8 1  
1 . 0 2 4 1  
1 . 0 6 0 3  
1 . 0 9 6 9  
1 . 1 3 3 7  
1 . 1 7 0 7  
1 . 2 0 8 0  
1 . 2 4 5 5  
1 . 2 8 3 3  
1 . 3 2 1 3  
1 . 3 5 9 5  
1 . 3 9 8 0  
1 . 4 3 6 6  

. 1 1 0 3  

.1182 

.1270 

. 1 3 5 6 - - +  - 3, 1 

. 1 4 b 7  

. 1 5 7 3  

.1683 

. 1 7 9 6  

. 1 9 1 0  

. 2 0 2 6  

. 2 1 4 3  
, 2 2 6 1  
. 2 3 7 9  
. 2 4 9 8  
. 2 6 1 5  
. 2 7 3 3  
. 2 8 5 0  
. 2 9 6 6  

. 3 1  96 

. 3 3 1 0  

. 3(+ 2 3 

. 3 5 3 4  

. 3 6 4 5  

. 3 7 5 4  

. 3 8 6 2  

. 3 9 6 9  

. 4 0 7 4  

. 4 1 7 9  

. 4 2 8 2  

. 4 3 8 4  

. 4 4 8 5  

. 4 5 8 4  

. 4 6 8 2  

. 4 7 7 9  

. 4 8 7 5  

. 4 9 6  9 

. 5 0 6 2  

. 5 1 5 5  

. 5 2 4 5  

. 5 3 3 5  

. 5 4 2 4  

- _  -F ->,-:<. 

-3062 

2 . 6 0 t 6  
2 . 6 5 8 6  
2 . 7 0 8 6  
2 . 7 5 8 6  
2 . e t 2 6  
2.L5db-' - 
z. 9 0 8 6  
2 . 9 5 8 6  
3 . 0 0 8 6  
3 . 0 5 8 6  
3 . 1 0 8 6  
3 . 1 5 8 6  
3 . 2 0 8 6  
3 . 2 5 8 6  
3 . 3 0 e 6  
3 . 3 5 3 6  
3 . 4 0 8 6  
3 . 4 5 8 6  
3 . 5 0 8 6  
3 . 5 5 6 6  ! 3 . 6 0 8 6  
3 . 6 5 8 6  
3.7506 
3 . 7 5 6 6  

3 . 8 5 8 6  
1 3 . 9 0 8 6  

3 . 9 5 8 6  
4 . 0 0 8 6  
4 . 0 5 8 6  
4 . 1 0 8 6  
4 . 1 5 8 6  
4 . 2 0 8 6  
4 . 2 5 8 6  
4 . 3 0 8 6  
4 . 3 5 8 6  
4 . 4 0 8 6  
4 . 4 5 8 6  
4 . 5 0 8 6  
4 . 5 5 8 6  
4 . 6 0 8 6  
4 . 6 5 8 6  

3 . 8 0 8 6  

*** SUBSEQUENT D E S I G I I S  UNACCEPTABLE DUE TO ROLLER INTERFERENCE *** 
N O T E  : 

I .  I t e m s  i n  ( 1  r e p r e s e n t  f i n a l  d e s i g n .  

A C C E P T A B L E  I D L E R / G U I D E  R A I L  C O N F I G U R A T I O N S  

T a b l e  I 
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7 1.31 lo7 (1.90 10 2 2 E las t ic  Modulus, Newton/cm ( l b / i n  )------------ 

Nominal P r e l o a d ,  Newtons ( l b s )  .................... 3.34 (0.75) 

1.51 (2.34 I O - ~ )  2 2 Cross S e c t i o n  Area, rnm ( i n  ) ------------------ 

Def lec t ion  a t  Contac t ,  mm ( i n )  .................... 1.04 (0.0409) 

Free Loop D e f l e c t i o n ,  mm ( i n )  -------.------------- 0.95 (0.0376) 

4 
Outer F i b  r S t r e s g  a t  Contac t ,  

2.13 x I O 4  (3.09 x 10 ) 
Newton/cm 5 ( I b / i n  )-------------------------- 

FLEXURE DESIGN PARAMETERS AND RELATED STRESS 
TABLE I1 
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BENDING S T R E S S  ( K N E W T O N / C M ~ )  
m o  cu M 4 - I n  u3 I\ o o m  

3 c v  In a3 0 
a0 
0 

co 
0 

m 
0 
r 

[c 
L 

-8 -  



of t h e  curve.  The maximum a n t i c i p a t e d  t e n s i l e  stress of t h e  EU Flex- 
ures w a s  de r ived  u s i n g  t h e  model of Appendix A and is  shown in Figure  4 
as a dashed l i n e .  Th i s  l eve l  of stress should be l o w  enough as t o  n o t  
impose any l i f e  l i m i t a t i o n .  

The f l e x u r e  des ign  de termines  t h e  bending s t i f f n e s s  and t h e  Flexure and 
Ring Groove d e s i g n s  de te rmine  t h e  r e s u l t a n t  pre load .  Re fe r  t o  F igu re  5 
f o r  t h e  nomenclature involved. The bending s t l .€ fness ,K,  is c a l c u l a t e d  
from t h e  model g iven  i n  Appendix A. 

For t h e  f i n a l  EU des ign:  

t = 0.35 mm (0.0139 i n )  

w = 4.8 mm (0.188 i n )  

7 2 E l  = 1.31 X 1'3 New:un/c;02 ( 1 . 9  X l o7  l b / i n  ) 

and r a d i a l  s t i f f n e s s ,  K ,  is  

K = 32.2 Newton/cm (18.4 l b / i n )  

a l s o  € o r  

RF = 1.63 c m  (0.6408 in) 

r = 0.533 c m  (0.210 i n )  1 

r = 0.554 cm (0.218 i n )  2 

R i r =  4.435 c m  (1.746 i n )  

RGO= 7.704 cm (3.933 i n )  

A model € o r  t h e  de t e rmina t ion  o €  d e f l e c t i o n  as r e l a t e d  t o  t h e  des ign  
parameters is. g iven  i n  r e f e r e n c e  6 .  

A s  based upon t h e  r e f e r e n c e :  

2YR= 1.04 mm (0.041 i n )  

t h e r e f o r e  p r e l o a d ,  F is R 
FR = 2YRK 

= 3.34 Newtons (0.75 l b s )  

An e l e c t r i c a l  d e s i g n  parameter r e l a t e d  t o  t h e  F l e x u r e  i s  t h e  c u r r e n t  
d e n s i t y .  The c r o s s  s e c t i o n a l  area oE t h e  F lexure  may be de r ived  by t h e  
model of Appendix A ,  e q u a t i o n  A-13 .  s i n c e  each  F l e x u r e  provides  two 
para l le l  c u r r e n t  pa ths  t h e  c u r r e n t  d e n s i t y  of t h e  f l e x u r e  p e r  c i r c u i t ,  

p F ,  is 

-9- 



Con t a c t  Po i n  ts  
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RGO 
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FLEXURE/R I N G  GROOVE GEOMETR ICs 

F igure  5 



T 

where n = number of F lexures  p e r  c i r c u i t .  

For t h e  f i n a l  EU des ign  

2 2 + = 0.015 c m  (2.34 X i n  ) 

n = 10 

and f o r  I = 200 amps C 
2 p ,  = 0.67 K Amp/Cm2 (4.27 K Amp/in ) 

which is  a c c e p t a b l e  even a t  200 amps. It i s  t o  be noted ,  here, t ha t  
t h e  incasur?  o€ a c c e p t a b i l i t y  i s  steady s t a t e  temperature .  The  h e a t  
developed i n  t h e  F lexure  due t o  i t s  r e s i s t i v i t y  is conducted t o  t h e  
e x t e r n a l  s i n k  by way of t he  i n t e r f a c e  f o o t  p r i n t s .  The F lexure  
a b s o l u t e  tempera ture  i n  vacuum may be determined by a s t a t i c  test  
which a l s o  produces t h e  h i g h e s t  value.  I t  is assumed from p rev ious  
Ro l l  Ring t e s t i n g  t h a t  t h e  F lexure  s t eady  s t a t e  temperature  may be as 
h igh  as 15OoC without  a fEec t ing  liEe o r  r e l i a b i l i t y .  Refer  t o  s e c t i o n  
2-3 of t h i s  r e p o r t  f o r  a c t u a l  t e s t  da t a .  

\ 

2-1 02 Flexure /Ring  Groove I n t e r f a c e s  - The Flexure/Ring Groove 
i u t e r E a c e s  are  important  f o r  s e v e r a l  reasons.  One of t h e s e  reasons  i s  
c o n t a c t  f o o t p r i n t  s i z e  as poin ted  ou t  p rev ious ly  s i n c e  as the  s i z e  
i n c r e a s e s  t h e  c u r r e n t  d e n s i t y  and r e s u l t a n t  s e l f - h e a t i n g  dec rease  and 
t h e  h e a t  t r a n s f e r  r e s i s t i v i t y  dec reases  as w e l l ,  r e s u l t i n g  i n  reduced 
Flexure  temperature .  Each of t h e s e  p a r a p e t e r s  w i l l  be d iscussed .  

I N N E R  OUTER 
RING RING 

Normal Load, Newtons 
(Lbs 1 

2 Mean Contac t  S t r e s s ,  Newtons cm i (Lbs / in  ) 

Contact  E l l i p s e ,  mm x mm 
( i n  x i n )  

E f f e c t i v e  Area / Contac t ,  rfy 2 

( i n  1 

1.71 1.71 
(0.38) (0.38) 

4709 3695 
(6830) (5360) 

1.29 x 0.03 1.45 x 0.03 
(0.0507 x 0.0011) (0.0573 x 0.0013) 

0.030 -5 0.034 -5 
4.4 x 10 5.9 x 10 

FLEXURE/RING INTERFACE DESIGN PARAMETERS 
TABLE 111 
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The c o n t a c t  c u r r e n t  d e n s i t y , p  , is  determined u s i n g  t h e  model used f o r  
b a l l  bea r ing  i n t e r f a c e s .  Thfs  model which i s  based upon t h e  back- 
ground e s t a b l i s h e d  by A.B.  Jones  and A.E.H. Love i s  too e x t e n s i v e  t o  
inc lude  i n  t h i s  r e p o r t .  It is t h e  b a s i s ,  however, of a computer 
program i n  t h e  Sper ry  Bearing/Sensor Labora tory  and was used t o  d e r i v e  
the  Flexure/Ring i n t e r f a c e s  of t h e  EU. Table  111 i d e n t i f i e s  t h e  
r e s u l t a n t  parameters of t h e  EU des ign .  

The c o n t a c t  c u r r e n t  d e n s i t y , P  may be d e r i v e d  from t h e  f o o t p r i n t  
dimensions (major and minor dimensions of t h e  c o n t a c t  e l l i p s e )  and 
t h e  c u r r e n t  f o r  a g iven  number of Flexures,  n ,  assuming two c o n t a c t s  
per Flexure/Ring i n t e r f a c e :  

C ’  

L 
C - 

p c  - 27t abn 

s ince h = Area of c o n t a c t  
C 

= R a b  

where a = Contac t  E l l i p s e  Major Radius ( I n  c i r c u m f e r e n t i a l  
p lane) .  

b = Contact E l l i p s e  Minor Radius (Parallel t o  r o t a t i o n  
a x i s ) .  

The c u r r e n t  d e n s i t y  is s t r o n g l y  (and i n v e r s e l y )  r e l a t e d  t o  t h e  
conformity r a t  i o ,  R c ,  which i s  a f u n c t i o n  of  t h e  t r a n s v e r s e  c o n t a c t  
r a d i i .  Th i s  r a t i o  is r e l a t e d  t o  t h e  minor ( o r  t r a n s v e r s e )  groove r a d i i  
by 

1 L- 

- 
‘2 R =  

C 

F o r  the F i n a l  EU d e s i g n  

6 2 2 E 2  = 9.6 x 10 Newton/cm ( 1 . 4  x l o7  l b / i n  ) 

a = 0.64 am (0.025 i n )  I 

bI = 

a = 0.71 mm (0.028 i n )  

b = 0.015 mm (0.0006 i n )  

n = 10 

0.013 m a  (0.0005 i n )  

0 

0 

and a t  IC = 200 amps t h e  maximum c o n t a c t  c u r r e n t  d e n s i t y ,  p i s  
C’ 

2 -- 2 pc = 38 K Amp/Cm (255 K Amp/Tn ) 
which is a c c e p t a b l e  even a t  200  amps. 

The measure of a c c e p t a b i l i t y  of t h i s  c u r r e n t  d e n s i t y  i s  the  e f f e c t i v e  
o p e r a t i n g  tempera ture  as  d i s c u s s e d  p rev ious ly .  Tests have been con- 
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. 

ducted i n  t h e  Sper ry  BearingISe s o r  Labora tory  t o  c o n t a c t  c u r r e n t  
d e n s i t i e s  as h i g h  as 100 K A m p s / C m  (650 K Amp/in ) which i n d i c a t e  t h a t  
t h i s  h i g h e r  l e v e l  is  a c c e p t a b l e  a t  v a s t  f o r  s h o r t  (50 hour)  exposures  
a t  i n t e r m e d i a t e  vacuum l e v e l s  of 10- Torr. 

4 2 

Another impor tan t  F lexure /Ring  Groove i n t e r f a c e  parameter  is  t h e  dynam- 
i c  s t a b i l i t y  of t h e  Flexure. Th i s  term relates t o  t h e  a b i l i t y  of t h e  
F lexure  t o  r o l l  i n  t h e  two c a p t u r e  grooves i n  t h e  two r i n g s  and remain 
i n  a p l ane  which l i es  normal t o  t h e  r o l l i n g  axis.  Th i s  r o l l i n g  s t a b i l -  
i t y  which is impor tan t  t o  a s s u r e  t h a t  t h e  F lexures  w i l l  n o t  c o n t a c t  t h e  
b a r r i e r s  is  q u a n t i t a t i v e l y  r e l a t e d  t o  t h e  c o n t a c t  S t r a d d l e  Angle,@ , 
and t h e  S t a b i l i t y  R a t i o ,  R and i s  improved by a reduced r a t i o  and an 
i n c r e a s e d  ang le  r e s p e c t i v e f y .  The s t r a d d l e  a n g l e  i s  a l s o  i n d i r e c t l y  
r e l a t e d  t o  t h e  conformity r a t i o ,  R , which i s  a f u n c t i o n  oE the  c o n t a c t  
r a d i i .  Prev ious  t e s t i n g  i n  the  !!?Perry Bear ingISensor  Labora tory  h a s  
i n d i c a t e d  t h a t  t h e  s t r a d d l e  ang le  should be >10 degrees  and t h e  s t a b i l -  
i t y  r a t i o  <1.0 t o  provide  proper  F lexure  r o l l i n g  dynamics t o  t h e  maxi- 
inutl t e s t  speed of dpprsx imate ly  10 rev/min. A f t e r  t e s t i n g  t h e  i n i t i a l  
d e s i g n ,  however, i t  was determined t h a t  t h e s e  va lues  were too  l e n i e n t  
and a d e s i g n  change r e s u l t e d .  Table IV summarizes t h e s e  v a r i o u s  v a l u e s  
f o r  t h e  two EU des igns  as w e l l  a s  t h e  prev ious  p ro to type  unit. 

The S t r a d d l e  Angle i s  t h a t  shown i n  F igure  5. F o r  a l l  d e s i g n s  shown i n  
Table TV t h e  i n n e r  and o u t e r  a n g l e s  were equal .  A s  noted i n  t h e  t a b l e  
the  a c t u a l  a n g l e  of t h e  i n i t i a l  EU components was on e i t h e r  extreme of 
t h e  two a n g l e s  shown because of small p l a t i n g  t h i c k n e s s  v a r i a t i o n s  and 
t h e  ex t remely  t i g h t  conformity.  

CONFORMITY S TKADD L E STABILITY 
RATIO ( R  ) 

U S- CONFIGURATION RATIO (R,) ANGLE a) 
- (deg)  - 

I n i t i a l  p ro to type  0.69 17  0.27 

Assumed gu icie 1 i ne s < 1  .r)o >IO < I  .r) 

I n i t i a L  EU 0.99 13 0.51 

Measured Range of 
I n i t a l  EU 0.98 t o  1.02 81 t o  182 0.5 

F i n a l  EU 0.96 21 0 . 3 4  

NOTES : 
1. Resul ted  i n  unaccep tab le  dynamics. 
2. Resul ted  i n  a c c e p t a b l e  dynamics. 

FLEXURE DYNAMIC STABILITY TERMS 
TABLE I V  

The machining t o l e r a n c e s  were a d j u s t e d  i n  t h e  i n i t i a l  EU des ign  s o  as 
t o  r e s u l t  i n  t h i s  c l o s e  conformity.  The subsequent p l a t i n g  t h i c k n e s s  
v a r i a t i o n s ,  however, i n t roduced  a change t o  t h e  conformity (and 
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s t r a d d l e  angle) .  I r o n i c a l l y  t h e  unacceptab le  conformity ( > l o )  r e s u l t e d  
i n  a c c e p t a b l e  S t r a d d l e  Angles (18 deg) and a c c e p t a b l e  F lexure  dynamics. 
The d e s i g n  was changed s l i g h t l y  as shown i n  Table  I V  t o  always r e s u l t  
i n  a c c e p t a b l e  va lues  f o r  bo th  parameters, 

The S t a b i l i t y  R a t i o ,  RS,  r e l a t e s  t o  t h e  " f i t "  of t h e  F lexure  i n  t h e  
Ring grooves. The r a t i o  is  r e l a t e d  t o  t h e  groove r a d i i  by: 

The i n t e r p l a y  between t h e  t h r e e  terms shown i n  Table IV as r e l a t e d  t o  
F lexure  s t a b i l i t y  i s  n o t  known but assumed t o  be unimportant. 

Last ,  but c e r t a i n l y  not l e a s t ,  i s  t h e  r e l a t i o n s h i p  t h e  F lexure lRing  
groove i n t e r f a c e  has  upon Contact r e s i s t i v i t y .  As t h e  Conformity 
R a t i o ,  R c ,  approaches J i l a i ty  ra l l io  ( J h c r z  conforinity i s  p e r f i l c t )  t h e  
c o n t a c t  e l e c t r i c a l  r e s i s t a n c e  approaches t h a t  o €  t he  bulk sa te r ia l .  A 
complete te rmina l - to- te rmina l  c i r c u i t  r e s i s t a n c e  assessment h a s  been 
made and is  inc luded  i n  t h i s  r e p o r t  as Appendix B. The c o n t a c t  resis-  
t ance  i s  incliided i n  t h i s  a n a l y s i s  as R4 and R6 f o r  t h e  o u t e r  and 
t h e  i n n e r  contac ts  r e s p e c t i v e l y .  The sum o €  t h e s e  two t e r m s  r e p r e s e n t s  
only 3 percen t  of t h e  t o t a l  r e s i s t a n c e  O F  t h e  EU. 

2-1.3 C i r c u i t  Path - A f t e r  t h e  i n € t € a l  d e s i g n  a n a l y s e s  were completed t h e  
EU l ayou t  was made. F igu re  6 i s  an i s o m e t r i c  cut-away of t h e  d e s i g n  
which shows t h e  key components. The most €mportant d e s i g n  f e a t u r e s  are  
i d e n t i E i e d  i n  the  f i g u r e .  The te rmina l - to- te rmina l  mechanical c i r c u i t  
pa th  of t h e  EU i s  shown i n  F igu re  7. The numer ica l  c a l l - o u t s  co r re s -  
pond w i t h  those  shown i n  F igure  8-1 of Appendix B. 

A f t e r  t h e  i n i t i a l  Layout and a s s o c i a t e d  d e t a i l  drawings were completed 
t h e  i n i t i a l  r e s i s t i v i t y  a n a l y s i s  was made. T h e  results r evea led  
excess ive  i n t e r n a l  r e s i s t a n c e  a t  var ious  l o c a t i o n s  e s p e c i a l l y  t h a t  
a s s o c i a t e d  w i t h  t he  t i e  b o l t  and i t s  r e l a t e d  hardware. The i n i t i a l  
l ayou t  was then modified a n d  the  r e s i s t i v i t y  assessment lipdated as  i t  
now appears i n  Appendix B. The t o t a l  r e s i s t a n c e ,  RT, i s  c a l c u l a t e d  t o  
be approximate ly  0.22 milli-ohms. 

The d e s i g n  i s  such as t o  e l i m i n a t e  as many of t h e  i n t e r n a l  interEaces 
as p o s s i b l e  t o  reduce t h e  t o t a l  c i r c u i t  r e s i s t a n c e .  The most r e s i s t i v e  
of t h e  p a t h  e lements  is  t h e  F lexure  which r e p r e s e n t s  60 percen t  of t h e  
t o t a l .  The material s e l e c t e d  f o r  t h e  F lexure  i s  Berylco Alloy 172 
which p rov ides  an  a c c e p t a b l e  compromise between a l lowab le  stress, 
e l a s t i c  modulus, e lectr ical  c o n d u c t i v i t y  and thermal  r e s i s t a n c e .  

The te rmina l - to- te rmina l  c i r c u i t  pa th  d e s i g n  e l i m i n a t e s  a l l  s o l d e r  
connec t ions  and cab le s .  A l l  i n t e r f a c e s  ( o t h e r  t han  Flexure /Ring  
groove) are h igh  p r e s s u r e  threaded  wi th  go ld /go ld  a b a t i n g  s u r f a c e s .  
The d i f f e r e n c e  between t h e  c a l c u l a t e d  and t h e  measured (under c u r r e n t )  
c i r c u i t  r e s i s t a n c e  i s  approximate ly  1 : 2  (measured greater)  and i s  
probably r e l a t e d  t o  a l e s s - t h a n - t o t a l  e f f e c t i v e  area a t  each  interEace. 
To minim€ze t h i s  i n f l u e n c e  a l l  i n t e r f a c e s  were lapped and matched p r € o r  
t o  p l a t i n g .  
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2 2-1.4 Thermal Pa th  - A l l  "1 R losses of t h e  EU are converted t o  h e a t  
w i t h i n  t h e  EU. T h i s  h e a t  f s  T r a n s f e r r e d  predominant ly  by conduct ion i n  
vacuum from each  of t h e  r e s i s t i v e  c i r c u i t  e lements  t o  t h e  Inner  and t h e  
Outer  Housing and on t o  t h e  space  c r a f t  through t h e  two mechanical 
mounting f a c e s .  These two €aces are denoted w i t h  an  a s t e r i s k s  i n  
F i g u r e  6 .  The Inner  and Outer  Housings are t h e  h e a t  s i n k s  t o  which i t  
is d e s i r e d  t o  t r a n s f e r  t h e  h e a t  € o r  e v e n t u a l  t r a n s f e r  t o  t h e  space  
c r a f t  o r  o t h e r  c o l l e c t i n g  p o i n t s .  

F igure  8 is a h a l f  s e c t i o n  of a p a r t i a l  (Outer  Ring) c i r c u i t  t aken  i n  a 
p lane  normal t o  t h e  r o t a t i o n a l  a x i s  of t h e  EU. This  s e c t i o n  drawing 
shows t h e  means of t r a n s f e r r i n g  t h e  h e a t  r a d i a L l y  by conduct ion from 
t h e  Outer  C o l l e c t o r  Ring ( i n  t h i s  c a s e )  t o  t h e  Outer Housing. The 
Wavy Spr ing  shown i n  t h e  Eigure is  a convoluted s t r i p  i n  t h e  f r e e  s t a t e  
which i s  compressed and i n s e r t e d  i n t o  t h e  annulus  space  between t h e  
C o l l e c t o r  Ring and t h e  Outer  ' Insulator .  T h i s  technique p r o v i d e s  a 
m u l t i p l e  p o i n t ,  and uniformly spaced,  t r a n s f e r  of hea t .  

A h e a t  t r a n s f e r  a n a l y s i s  was per€ormed t o  de te rmine  t h e  s t e a d y  s t a t e  
temperature  a t  key l o c a t i o n s  of t h e  EU. Unfor tuna te ly ,  t h i s  a n a l y s i s  
d i d  not  p r e d i c t  r e a l i s  t i c  assessments  oE t h e s e  tempera tures  s i n c e  t h e  
e f f e c t i v e  r e s i s t t v i t y  of each i n t e r f a c e  was no t  known f o r  t h e  materials 
involved. The assumption of perfect  (no r e s i s t a n c e )  i n t e r E a c e s  r e s u l t -  
ed i n  u n r e a l i s t i c a l l y  low temperature  p r e d i c t i o n s .  It was determined 
by tes t  t h a t  t h e r e  i s  an optimum Spring compression from t h e  s t a n d p o i n t  
o€  h e a t  t r a n s f e r  ( a s  i n d i c a t e d  by t h e  tempera ture  drop)  a c r o s s  t h e  
annulus.  This  op t imiza t ion  of h e a t  t r a n s f e r  was accomplished on t h e  EU 
by a c t u a l  t e s t  w i th  a s i n g l e  s t a t i c  c i r c u i t .  The des ign  c h a r a c t e r i s -  
t i c s  and technique is  d i scussed  i n  t he  €allowing paragraphs.  Reference 
is  made t o  Figure 8. 

The Wavy Spr ing  i n s e r t e d  between t h e  C o l l e c t o r  Ring and t h e  I n s u l a t o r  
a p p l i e s  m u l t i p l e  r a d i a l  f o r c e s  between t h e  Ring i n  3ne d i r e c t i o n  and 
t h e  I n s u l a t o r  and Xousing i n  t h e  o t h e r .  The I n s u l a t o r  is provided w i t h  
a gap which a l lows  t h e  w a l l s  of  t h e  I n s u l a t o r  t o  be forced i n t o  i n t i -  
m a t e  c o n t a c t  w i t h  t h e  wall oE t h e  H o u s i n g  by a c t i o n  o €  t h e  Wavy S p r i n g .  
Various t h i c k n e s s  op t imiza t ion  Shims are i n s e r t e d  between t h e  Spr ing  
and t h e  Housing u n t i l  maximum h e a t  conduct ion i s  e f f e c t e d .  The Shim 
t h i c k n e s s ,  which r e s u l t s  i n  minimum tempera ture  d i f f e r e n t i a l  between 
t h e  Ring and t h e  Housing f o r  a g iven  h e a t  s o u r c e  a t  t h e  Ring, i s  t h a t  

.which p r o v i d e s  optimum h e a t  t r a n s f e r  e f f i c i e n c y .  

The e x p l a n a t i o n  of t h i s  e f f e c t  is as fo l lows .  The thermal  t r a n s f e r  
between two clamped members is r e l a t e d  t o  t h e  e f f e c t i v e  thermal  resis- 
t i v i t y  a t  t h e  i n t e r f a c e .  F igure  9 shows t h e  q u a l i t a t i v e  r e l a t i o n s h i p  
between t h i s  r e s i s t i v i t y  and t h e  clamping p r e s s u r e ,  P ,  i n  t h e  upper  
l e f t  quadrant  of t h e  f i g u r e .  Unfor tuna te ly ,  t h e  q u a n t i t a t i v e  r e l a t i o n -  
s h i p  f o r  t h e  materials involved w a s  n o t  a v a i l a b l e .  This  d i c t a t e d ,  
t h e r e f o r e ,  t h a t  t h e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  be determined empir- 
i c a l l y .  Data w a s  c o l l e c t e d  r e l a t i v e  t o  t h e  s t e a d y  s t a t e  temperature  
d i f f e r e n t i a l  between t h e  Ring and t h e  Housing f o r  v a r i o u s  Shim t h i c k -  
n e s s e s ,  "T". Re fe r r ing  a g a i n  t o  F igure  9 as t h e  Shim t h i c k n e s s  w a s  
v a r i e d  t h e  d e f l e c t i o n  of t h e  Wavy Spr ing  w a s  changed and t h e  normal 
c o n t a c t  f o r c e  "F" a t  t h e  I n s u l a t o r  and t h e  Housing i n n e r  w a l l  was a l s o  
changed as shown i n  t h e  p l o t .  In a d d i t i o n ,  t h e  c o n t a c t  area "A I '  of 

S 
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t h e  Wavy Spring a t  t h e  Ring and a t  t h e  I n s u l a t o r  was a l s o  e f f e c t e d  by 
t h e  va r ious  Shim th i cknesses .  S ince  both  normal f o r c e  "F" and area "A" 
are being in f luenced ,  bu t  no t  e q u a l l y ,  t h e  r a t i o  of t he  two, normal 
p r e s s u r e ,  "P" was a l s o  changed wi th  Shim th i ckness .  The h e a t  t r a n s f e r  
was e f f e c t e d  by t h e  thermal  r e s i s t i v i t y ,  "RH" and t h e  area of c o n t a c t  
"AS 'I . 
S t a r t i n g  a t  t h e  optimum p o i n t  shown i n  F igure  9 as t h e  Shim t h i c k n e s s ,  

, i n c r e a s e s  c o n t a c t  € o r c e  "F" and c o n t a c t  area ''AS1' increase, 
c o n t a c t  p r e s s u r e  "P" d e c r e a s e s  and r e s i s t i v i t y ,  "%" i n c r e a s e s .  S ince  
r e s i s t i v i t y  i s  i n c r e a s i n g  f a s t e r  than a r e a  "A " i s ,  t h e  hea t  t r a n s f e r ,  
"Q" dec reases .  Conversely as t h e  Shim t g i c k n e s s ,  "S", dec reases  
con tac t  Eorce "F" and c o n t a c t  area ''AS1' d e c r e a s e ,  con tac t  p r e s s u r e  "P" 
i n c r e a s e s  and r e s i s t i v i t y  "S'l dec reases .  Since a r e a  l1ASf1  i s  
dec reas ing  faster than  r e s i s t i v i t y  is t h e  h e a t  t r a n s f e r  "Q" dec reases .  
Thus i t  can be seen  t h a t  a n  optimum h e a t  t r a n s f e r  can be e f f e c t e d  by a 
unique Shim th i ckness .  The Shim th i ckness  s e l e c t e d  f o r  t h e  EU was 
0.040 i nches  th i ck .  

IITff 

2-1.5 Design Detai ls  - This  s e c t i o n  covers  some of t he  more impor tan t  
des ign  d e t a i l s  of t he  EU components taken in a random orde r .  

Re fe r r ing  t o  F igures  6 and 7 t he  e x t e r n a l  connec t ing  Thimble is 
a t t a c h e d  t o  the  c a b l e s  by means of convent iona l  s o l d e r  po t s  i n  t h e  
Thimbles. The Thimble i s  conf igured  wi th  a tapered cone which engages 
t h e  Terminal  Cone and i s  he ld  s e c u r e l y  i n  place wi th  t h e  Thimble Lock 
by means of a threaded i n t e r f a c e .  The Terminal Cone is  f i r m l y  engaged 
wi th  a r i n g  t a b  which i s  an  i n t e g r a l  p a r t  oE the  Outer-Ring. The 
StiEEening Bolt  a s s u r e s  a p o s i t i v e  t e rmina l  Cone-to-Ring Tab i n t e r f a c e  
by means of t he  Backing Ring which a s s u r e s  Eu l l  con tac t  even when ex- 
t e r n a l  c a b l e  induced mechanical  load s t r a i n s  on t h e  e x t e r n a l  connec t ion  
bend and t w i s t  t h e  Ring tab.  Th i s  type of l oad ing  i s  a common source  
o E  r e s i s t a n c e  changes on more convent iona l  e x i s t i n g  connect ing means 
such as s p r i n g  loaded p i n s  and plugs and e v e n  t h e  bol ted  connec t ions  
used on spade lugs  commonly used on welding cab le s .  

Cont inuing on through t h e  c i r c u i t  t he  O u t e r  Ring t r a n s f e r s  t h e  c u r r e n t  
through m u l t i p l e  p a t h s  through m u l t i p l e  F lexures  ( a s  desc r ibed  i n  
r e f e r e n c e  2 )  and hence t o  t h e  Inne r  Ring. Connection a t  the  Inne r  Ring 
t o  t h e  Terminal on t h a t  r i n g  i s  made by t h e  T i e  connection. The l a t t e r  
connec t ion  i s  conf igured  w i t h  a s p h e r i c a l  i n t e r f a c e  which engages w i t h  
a l i k e  i n t e r f a c e  i n  t h e  I n n e r  Ring. The c e n t e r  of t he  r a d i u s  of t h e  
s p h e r i c a l  i n t e r f a c e  i s  l o c a t e d  a t  a connec t ion  p i l o t  which i s  a t  t h e  
o u t e r  ex t r emi ty  of t he  connect ion.  The Locknut engages t h e  connec t ion  
r a d i u s  c e n t e r  a t  a p i l o t  thereby  avoid ing  any movements w i t h i n  t h e  
s p h e r i c a l  i n t e r f a c e  when t h e  Locknut clamps t h e  connect ion.  The Locknut 
is not  secured u n t i l  t h e  Terminal  Cone on t h e  Inner  Ring i s  secured  
i n t o  p o s i t i o n  i n  the  rest of t he  assembly. This  a s s u r e s  t h a t  no 
mechanical s t r a i n  i s  developed i n  any of t h e  c u r r e n t  t r a n s f e r  compo- 
nen t s  which could r e l i e v e  a f t e r  t h e  u n i t  is i n  s e r v i c e  r e s u l t i n g  i n  a 
changed i n t e r f a c e  r e s i s t a n c e .  Tn a d d i t i o n ,  t h e  self a l i g n i n g  f e a t u r e  
of t h e  s p h e r i c a l  i n t e r f a c e  e l i m i n a t e s  t h e  p o s s i b l e  e f f e c t s  of manufac- 
t u r i n g  and assembly v a r i a t i o n s .  A Terminal Lock Screw is  used t o  
s e c u r e  t h e  Terminal Cone t o  t h e  Tie  connect ion i n  a manner s imilar  t o  
the  Lock Nut engagement i n  t h e  Ring a g a i n s t  t he  o t h e r  end of t he  T i e  
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Connection. Th i s  p r e l o a d i n g  arrangement i n s u r e s  t h a t  t empera tu re  
e x c u r s i o n s  and mechanical l o a d i n g  of c i r c u i t  components a f t e r  t h e  
module is p laced  i n t o  s e r v i c e  do n o t  r e s u l t  i n  r e s i s t a n c e  changes a t  
any of t h e s e  i n t e r f a c e s  s i n c e  t h e  pre load  loops  a re  s h o r t .  These and 
o t h e r  pre load  loops  are shown by dashed l i n e s  i n  F igu re  7. 

A l l  of t h e  c i r c u i t  components a re  p l a t e d  w i t h  a matrix which a s s u r e s  
long  term s e r v i c a b i l i t y .  The base o r  m a t r i x  i t e m  i s  f i r s t  p l a t e d  w i t h  
a copper s t r i k e  t o  a s s u r e  adhesion. An i n t e r m e d i a t e  n i c k e l  l a y e r  is  
p l a t e d  on t o  provide  a h a r d  base  f o r  t h e  subsequent  s u r f a c e  p l a t i n g  and 
t o  i n h i b i t  copper mig ra t ion  i n t o  t h e  gold.  The o u t e r  most l a y e r  i s  
go ld  which provides  a low r e s i s t a n c e ,  non- ta rn ish ing ,  conduct ive  
s u r f  ace. 

A l l  of t h e  smaller non-flexing c i r c u i t  components are  f a b r i c a t e d  from 
Te l lu r ium Copper a l l o y  C14500 which p rov ides  both  h i g h  thermal  and 
e lectr ical  c o n d u c t i v i t y  and good mach inab i l i t y .  The l a r g e  c o l l e c t o r  
Rings are  f a b r i c a t e d  of f r e e  machining brass.  

The material € o r  t h e  e l e c t r i c a l  i n s u l a t o r s  which must conduct h e a t  was 
s e l e c t e d  as Glass F a b r i c  Melamine,(MIL-P-15037). This  material 
p rov ides  a low thermal r e s i s t a n c e  whi le  e x h i b i t i n g  e x c e l l e n t  e l e c t r i c a l  
i n s u l a t i o n  p r o p e r t i e s .  The m a t e r i a l  f o r  all o t h e r  i n s u l a t o r s  w a s  
s e l e c t e d  t o  be Glass F a b r i c  Epoxy (XIL-P-18177) . The d e s i g n  of t h e  EU 
provides  mechanical b a r r i e r s  between c i r c u i t s  as w e l l  as double  
i n s u l a t i o n .  The l a t t e r  i n s u l a t i o n  p a i r  i s  comprised of two d i f f e r e n t  
materials t o  a s s u r e  t h a t  a g iven  environment which might degrade one 
i n s u l a t o r  does  no t  degrade t h e  o t h e r .  These two i n s u l a t i o n  materials 
were Melamine and hard anodized aluminum. 

The e x t e r n a l  Terminal Cones and t h e i r  a s s o c i a t e d  a t t a c h i n g  hardware on  
t h e  Outer  Housing a r e  des igned  t o  a l low t h e  Terminals t o  be r eve r sed  
d u r i n g  an a c t u a l  a p p l i c a t i o n  t o  f a c i l i t a t e  a g iven  c o n f i g u r a t i o n .  I n  
a d d i t i o n ,  t h e  l ayou t  of t h e  Terminals is such as  t o  provide maximum 
a c c e s s i b i l i t y  by both  a x i a l  and c i r cumfe ren t  i.al s t a g g e r i n g  o f  t h e  
Terminals i n t o  a s t a i r  s t e p  p a t t e r n ,  

The Thimble Locks on t h e  connec t ing  c a b l e s  p rov ide  p o s i t i v e  cone i n t e r -  
f a c e  clamping a c t i o n  of t h e  Thimble/Cable assembl ies .  The Terminals 
are backed up mechanica l ly  on each  of t h e  Outer Ring connec t ions  w i t h  a 
Backing Ring and a S t i f E e n i n g  Bo l t .  This  c o n f i g u r a t i o n  a s s u r e s  t h a t  
the Terminal/Ring t a b  i n t e r f a c e  w i l l  remaln unchanged even under t h e  
i n f l u e n c e  of bending moments r e s u l t i n g  from e x t e r n a l  movements of t h e  
s t i f f  cab le s .  A l l  pre load  loops  throughout t h e  EU are s h o r t  and w i t h i n  
metal l ic  members only  as shown by dashed l i n e s  i n  F igu re  7. Th i s  
nega te s  t h e  e f f e c t s  of time and tempera ture  on t h e  va r ious  pre loaded  
components. 

Molded s i l i c o n e  Boots are provided Eor t h e  e x t e r n a l  connec t ion  t o  
a s s u r e  t h a t  no l i ne -o f - s igh t  c o n d i t i o n s  e x i s t  e i t h e r  between c i r c u i t s  
are from a g i v e n  c i r c u i t  t o  ground. 

The I n n e r  Housing assembly i s  r i g i d l y  suppor ted  w i t h i n  t h e  Outer 
Housing w i t h  a "DB" bea r ing  arrangement u s i n g  two t h i n  l i n e  b e a r i n g s  
and a p re load ing  diaphragm. Th i s  diaphragm prov ides  r a d i a l  s t i f f n e s s  
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and a x i a l  compliance such t h a t  a p r e c i s e  p re load  i s  e f f e c t e d  and main- 
t a ined .  In  t h i s  arrangement a l l  fou r  bea r ing  r i n g s  are p r e c i s e l y  
clamped thereby  avoid ing  mechanical s h i f t s  d u r i n g  u s e  w i t h  a s s o c i a t e d  
torque  and alignment changes. The "DB" p r e l o a d i n g  i s  accomplished by 
loading  t h e  bea r ings  a x i a l l y  through the  i n n e r  r i n g s  a g a i n s t  an  i n t e r -  
n a l  Spacer  which has  been lapped t o  provide  a g iven  diaphragm d e f l e c -  
t i on .  The des ign  assessment  of t h e  f iaphragm is given  i n  Appendix C. 
The a x i a l  s p r i n g  rate i s  3 .7  X 10 Newton/Cm (2.1K l b / i n ) .  A t  an 
a x i a l  d e f l e c t i o n  of 0.25 mm (0.010 i n c h e s )  t h e  pre load  is 93 Newtons 
(21  lbs . )  
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2-2 FABRICATION 

A f t e r  a l l  of t h e  d e t a i l  drawings were completed,  t h e  f a b r i c a t i o n  of 
t h e  TF and EU components was i n i t i a t e d .  Th i s  s e c t i o n  of t h e  r e p o r t  w i l l  
p rovide  an  overview of t h e  most s i g n i f i c a n t  d e t a i l s  of t h e  f a b r i c a t i o n  
process  . 
2-2.1 C i r c u i t  Components - The most c r i t i c a l  d e t a i l  p a r t s  were t h e  

c i r c u i t  components. Of t h e s e  components t h e  F lexures  as w e l l  as t h e  
I n n e r  and Outer Rings were f a b r i c a t e d  by computer c o n t r o l .  Th i s  tech- 
n ique  w a s  s e l e c t e d  t o  a s s u r e  t h a t  t h e  c o n t a c t  t r a c k s  were uniform and 
t o  accomodate t h e  large number of F lexures  r equ i r ed .  The machining was 
performed i n  i t  * s  e n t i r e t y  on t h e s e  t h r e e  components u s ing  a Monarch 
t a p e  c o n t r o l l e d  Lathe w i t h  a Bendix System 5 Command u n i t  f o r  t h e  
F lexures  and a Bostomatic 312 Tape  Con t ro l l ed  M i l l  w i t h  a CNC Command 
Unit. S p e c i a l  t o o l i n g  w a s  r equ i r ed  t o  e l i m i n a t e  d i s t o r t i o n s  i n  t h e  
Outer  Ring roundness. 

A f t e r  a l l  of t h e  machining o p e r a t i o n s  were complete on t h e  c i r c u i t  
components they  were coded and ass igned  t o  s p e c i f i c  c i r c u i t s .  The 
i d e n t i f i c a t i o n  technique  s e l e c t e d  was t o  engrave t h e  c i r c u i t  number 
( I  through 8)  on non-funct iona l  s u r f a c e s  of each  p a r t .  The i n t e r f a c e s  
of each mating p a r t  were then l a p  f i t t e d  wi th  T i m e  Saver Products  60 
g r i t  compound and thoroughly c leaned  t o  remove a l l  l app ing  g r i t .  Th i s  
matching and l app ing  procedure inc luded  t h e  c a b l e  t e rmina l  f i t t i n g s .  
A l l  t h r e a d s  were f a b r i c a t e d  as a class 2 € i t  t o  a s s u r e  a c c e p t a b l e  f i t  
up a f t e r  p l a t i n g .  

The F lexures  were f i x t u r e  h e a t  t r e a t e d  t o  p reven t  d i s t o r t i o n  by mount- 
i n g  on an a r b o r  wi th  a 1.4 mm (0.056 i n c h )  t o t a l  c l ea rance .  Th i s  
r e p r e s e n t s  4 percen t  o f  t he  mean d iameter .  The a r b o r  was f a b r i c a t e d  of 
t h e  same material  as t h a t  of t he  FLexure Bery l l ium Copper Alloy 172. 
The hea t  t r e a t i n g  was performed i n  a vacuum oven a l though  an i n e r t  gas  
3ven i s  an a c c e p t a b l e  a l t e r n a t e .  The r e s u l t a n t  d i s t o r t i o n  of t h e  
F lexure  roundness was less  than 0.15 pe rcen t .  The hea t  t r ea t  p rocess  
c o n s i s t e d  of p r e c i p i t a t i o n  hardening f o r  3.0 hours  a t  600 - +lO°F 
followed by an  a i r  cool .  

All of t h e  c i r cu i t  components were e l e c t r o p l a t e d  a t  American E l e c t r o -  
p l a t i n g  i n  Sommerville, Mass. Th i s  f i r m  was s e l e c t e d  t o  do t h e  p l a t i n g  
because of t h e i r  v a s t  expe r i ence  i n  e l e c t r o p l a t i n g  criticaJ space  
components. Although previouq t e s t i n g  has  proven t h a t  t h e  R o l l  Ring 
components do no t  r e q u i r e  nea r  p e r f e c t  p l a t i n g ,  t h e  platers  e x p e r i e n c e  
w a s  c r i t i c a l  f o r  t h i s  program i n  t h a t  on ly  a l i m i t e d  q u a n t i t y  of s p a r e  
par ts  were a v a i l a b l e  f o r  p l a t i n g  parameter t e s t i n g  and f a l l o u t .  A s  i t  
tu rned  ou t  100 pe rcen t  of t h e  components produced by American E l e c t r o -  
p l a t i n g  were accep tab le .  Q u e l i t y  c o n t r o l  tests which were performed on 
t h e  p l a t e d  components inc luded  adhes ion ,  s u r f a c e  t e x t u r e  and th i ckness .  

The go ld  p l a t i n g  used f o r  t h e s e  components w a s  s e l e c t e d  from two t y p e s ,  
Orosene 999 c o b a l t / g o l d  ("hard") and Pur-a-gold ( " so f t " )  . Exper ience  
has  shown t h a t  t h e  moving i n t e r f a c e s  e x h i b i t  t h e  l o n g e s t  t r o u b l e  f r e e  
l i f e  i f  they  are of d i f f e r e n t  go ld  a l l o y s .  T h i s  i s  e s p e c i a l l y  t r u e  i f  
t h e  i n t e r f a c e  is  one t h a t  i s  e i t h e r  c o n s t a n t l y  o r  even i n t e r m i t t e n t l y  
changing. Table V Lists t h e  go ld  a l l o y s  chosen € o r  t h e  c i r c u i t  comp- 
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, 

1 PART i NUMBER 

orients. The d e t a i l  p a r t s  are l i s t e d  i n  mechanical o r d e r  from t h e  o u t e r  
( s t a t o r )  t e rmina l  t o  t h e  i n n e r  ( r o t o r )  t e rmina l .  The i n t e r f a c e s  shown 
i n  the  t a b l e  are of t h e  t h r e e  t y p e s  "fixed" (assembled and n o t  d i s t u r b -  
ed i n  u s e ) ,  "connector" ( o c c a s i o n a l l y  d i s t u r b e d )  and " r o l l i n g "  (con- 
s t a n t l y  d i s t u r b e d ) .  The p l a t i n g  m a t r i x  c o n s i s t e d  o €  a copper f l a s h  of 
approximate ly  1.25 microns (50 micro inches) ,  su l f ama te  n i c k e l  3.1 +1.2 
micron (125 +50 micro inches )  t h i c k  Followed by t h e  go ld  ( o r  g o l d  
a l l o y )  3.1 +1,2 micron (125 +50 micro inches)  t h i ck .  Previous  t e s t i n g  
has  i n d i c a t e d  t h a t  t h i s  matri';; i s  optimium f o r  long wear f r e e  l i f e .  

INTERFACE TYPE GOLD PLATING 

FIXED CONNECTOK ROLLING SOFT HARO 

DETAIL 

NAME 
L I 

Thimble Terminal 5240-050442 X 

Contact Cone 52A0-0507AL X '  

Outer Ring 5240-011841 X 

X 

X 

X 
Flexure  5240-010951 X 

GOLD PLATING MATRIX FOK C I R C U I T  COMPONENTS 

TABLE V 

2-2.2 Elec t r ica l  I n s u l a t o r s  - The d e s i g n  of t h e  EU is such as t o  u t i l i z e  
two e l ec t r i ca l  i n s u l a t o r s  between each  p a i r  of conduct ing  components 
and between each  component and t h e  Housing ground members. The most 
c r i t i c a l  of t h e s e  components i s  the  Outer Ring I n s u l a t o r .  Its d e s i g n  
i s  such as t o  p rov ide  a l o c a t i o n  seat  For t h e  e i g h t  Outer Rings,  t o  
provide  a uniform h e a t  conduct ion  pa th  between t h e  Ring and t h e  Housing 
and t o  provide  e l ec t r i ca l  i n s u l a t i o n  t o  t h e  Housing. The l a t t e r  
i n s u l a t i o n  i n c l u d e s  a box l i k e  s t r u c t u r e  which comple te ly  sur rounds  t h e  
t e r m i n a l  a t tachment  t s b  on t h e  Ring which p r o t r u d e s  through t h e  v a r i o u s  
windows i n  t h e  Housing. 

The Outer I n s u l a t o r  was vendor machined on  a t ape  c o n t r o l l e d  m i l l  t o  
a s s u r e  t h a t  a l l  of t h e  manufacturing t o l e r a n c e s  could be met and re- 
peated. t h e  I n s u l a t o r s  were f a b r i c a t e d  ou t  of a Glass F a b r i c  Melamine 
material which p resen ted  a hazardous working environment . A s  a r e s u l t  
of t h i s  s i t u a t i o n  a d i f f i c u l t  p a r t  O E  t h e  F a b r i c a t i o n  process  w a s  t o  
l o c a t e  a s u i t a b l e  (and w i l l i n g )  machine shop wi th  t h e  proper  c a p a b i l -  
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ity-. An a l t e r n a t e  material could  have been s e l e c t e d  w i t h  non-optimum 
h e a t  t r a n s f e r  p r o p e r t i e s  such as epoxy g l a s s  l amina te  bu t  w i t h  less 
hazardous machining c h a r a c t e r i s t i c s .  A f t e r  encounter€ng t h e  d i f f i c u l t y  
l o c a t i n g  t h e  machining vendor f o r  t h e  Melamine material a d e c i s i o n  was 
made t o  u t i l i z e  t h e  material  only  where t h e  h e a t  t r a n s f e r  p rope r ty  
(reduced thermal  r e s i s t a n c e )  was impor tan t .  Th i s  r e s u l t e d  i n  a 
s p e c i f i c a t i o n  of t h e  Melamine material  f o r  t h e  I n n e r  and Outer Ring 
I n s u l a t o r s .  

F i g u r e s  10a and 10b a r e  photographs of t h e  I n n e r  and O u t e r  Ring S e t s .  
These f i g u r e s  show t h e  va r ious  components d i scussed .  Not shown i n  
F igu re  10a i s  t h e  h e a t  t r ans fe r  Wave Spr ing  as is  shown f o r  t h e  Outer 
Ring i n  F i g u r e  10b. The nylon I n s u l a t o r  f o r  t h e  Connecting Rod i s  a l s o  
not  shown i n  F igure  IOa s i n c e  t h e  EU des ign  was modified t o  change t h e  
d e s i g n  of t h i s  I n s u l a t o r  from a p o l y o l e f i n  s h r i n k  s l e e v e  t o  t h e  Nylon 
material s h o r t l y  b e f o r e  s h i p p i n g  t h e  u n i t .  (See T e s t  S e c t i o n  2-3.2f 
f o r  f u r t h e r  d e t a i l s . )  

The I d l e r  Guides were f a b r i c a t e d  €rom 6061-T6 aluminum a l l o y  s h e e t  
s tock .  The s h e e t s  were roughed t o  s i z e  and f i n i s h  machined on a vacuum 
chuck t o  prevent  d i s t o r t i o n .  A f t e r  t h e  machinLng o p e r a t i o n s  were 
complete t h e  Guides were hard anodized t o  provide  a wear r e s i s t a n t  
t r a c k  where t h e  ' I d l e r s  r o l l  a g a i n s t  t he  Guide r a i l  and t o  provide  
a d d i t i o n a l  e l e c t r i c a l  i n s u l a t i o n .  The anod iz ing  process  w a s  s p e c i f i e d  
t o  have a 0.025 mm (0.001 i n c h )  p e n e t r a t i o n  and bu€ldup. These 
i n f l u e n c e s  on t h e  € i n a l  s i z e  were a n t i c i p a t e d  d u r i n g  t h e  f a b r i c a t i o n  
process .  

A se t  of I n s u l a t o r  B a r r i e r s  were f a b r i c a t e d  from g l a s s  f a b r i c  
r e i n f o r c e d  pheno l i c  s h e e t  s tock .  These b a r r i e r s  provide  t h e  impor tan t  
t a s k  of s e p a r a t i n g  each  a d j a c e n t  c i r c u i t ,  e l e c t r i c a l l y ,  w i t h  a 
l a b y r i n t h  p a t h  a t  t h e  o u t e r  e x t r e m i t i e s .  D e t a i l s  of t h i s  component as 
i t  is  inkorpora t ed  i n  t h e  EU can be seen i n  F igu re  6 .  

A s i n g l e  InsuLatoc Cup was f a b r i c a t e d  out  oE g l a s s  € a b r i c  p h e n o l l c  ba r  
s t o c k  which uas s u b s e q u e n t l y  assembled around the lower ( c i r c u i t  1 
through 4 )  I n n e r  ( r o t a t i n g )  Housing t e r m i n a t i o n s .  A s e t  D €  €our  
T n s u l a t o t  Cups  w a s  f a b r i c a t e d  o u t  of t he  same material  f o r  e l e c t r i c a l  
i n s u l a t i o n  of the  upper ( c i r c u i t s  5-8) I n n e r  Housing t e r m i n a t i o n s .  
Both of t h e s e  i n s u l a t o r  d e s i g n s  provide  supplementa l  d i e l e c t r i c  
s t r e n g t h  t o  t h e  r o t a t i n g  c a b l e  t e rmina t ions .  Re fe r  t o  F i g u r e  6 f o r  
a d d i t € o n h  d e t a i l s  of t h e s e  € n s u l a t o r s .  

The Terminal/Cable I n s u l a t o r  Boots were gravity/vacuurn molded o u t  of 
S i l i c o n e  Rubber molding compound Genera; E lec t r i c  RTV-60 (AMs 3366). 
A f t e r  molding t h e  Boots were cured  a t  25 C f o r  170 hours followed by 2 
hours  each  a t  120, 135, 150, 165 and 180°C t o  ach ieve  optimum tear  
s t reng t h . 

2-2.3 Heat T r a n s f e r  irlembers - The key h e a t  t r a n s f e r  component w a s  t h e  - 
convolu ted  Wave Spring. Th i s  d e t a i l  was f a b r i c a t e d  from 0.25 mm (0.010 
i n c h )  t h i c k  Beryll ium Copper Alloy 172 s t r i p  s tock .  Each O u t e r  Ring 

-Spr ing  had 13 waves w i t h  a p i t c h  of 3 . 8  c m  (1.5 €riches) and a wave 
h e i g h t  o €  0.63 cm (0.25 i n c h e s ) .  Each Inne r  Ring Spr ing  had 4 waves OF 
t h e  same b a s i c  des ign .  These Spr ings  were f i t t e d  i n t o  a s t a i n l e s s  
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steel  hea t  t rea t  f i x t u r e  which developed t h e  r equ i r ed  wave shape w i t h  
0.95 c m  (0.375 i n c h )  d iameter  p ins .  Heat t r e a t i n g  w a s  performed i n  
a vacuum oven t o  ach ieve  a minimum hardness  of Rockwell 15N80. The 
Spr ings  were p l a t e d  w i t h  0.025mm (0.001 i n c h e s )  of S i l v e r  a f t e r  h e a t  
t r e a t i n g  t o  provide e f f i c i e n t  h e a t  t r a n s f e r  i n t e r f a c e s  w i t h  t h e  Rings 
and I n s u l a t o r s .  A t y p i c a l  Outer  Ring Wave Spr ing  i s  shown i n  F igu re  
10. Note t h a t  t h e  Spr ing  is s t r a i g h t  i n  t h e  free s t a t e .  

The h e a t  t r a n s f e r  o p t i m i z a t i o n  Shims were f a b r i c a t e d  out  of aluminum 
a l l o y  s h e e t  by s l i t t i n g  t h e  lmm (0.040 i n c h )  t h i c k  s h e e t  s t o c k  and 
r o l l i n g  t o  approximate s i z e .  S ince  t h e  Wave Spr ings  r a d i a l l y  p r e l o a d  
t h e  Shims i n t o  i n t i m a t e  engagement w i t h  t h e  I n s u l a t o r s  t he  e x a c t  free 
d iameter  is not  c r i t i c a l .  Tt i s  impor tan t ,  however, t h a t  t he  Shims be 
€ r e e  of any l o c a l  undu la t ions  which would dec rease  t h e  e f f e c t i v e  h e a t  
t r a n s f e r  area. For t h i s  reason the  Shims were r o l l e d  wi th  a r o l l e r  
d iameter  which was c l o s e  t o  the  f i n i s h e d  s i z e .  

2-2.4 Housing Components - Both t h e  Inne r  and t h e  Outer Housings were 
f a b r i c a t e d  out  of 6061-T5 alu,ni,ium a l l o y  bar  s tuck.  A f t z r  a l l  
machining and f i n i s h i n g  o p e r a t i o n s  were complete t h e  Housings were s e n t  
ou t  f o r  hard  anodizing.  This  anodiz ing  process  provides  e lec t r ica l  
i n s u l a t i o n  of approximately 120K vol t s /cm (300K v o l t s / i n c h ) .  Supe r io r  
a l t e r n a t e  coa t ings  are "Ni tuf f"  (Nimet I n d u s t r i e s ,  Inc . )  and "Hardtuff" 
( T i o d i z e ) .  T h e  c o a t i n g  results in a p e n e t r a t i o n  and a b u i l d u p  of 0.025 
mm (0.001 inches ) .  The o r i g i n a l  c r i t i c a l  dimensions were a d j u s t e d  
du r ing  t h e  f a b r i c a t i o n  p rocess  t o  accomodate t h e  anodiz ing  bui ldup.  
All t h reads  and the  bea r ing  mounting s u r f a c e s  were masked o f f  d u r i n g  
t h e  anodiz ing  process .  F igure  11 i s  a c l o s e  up photograph of t h e  two 
completed Housings and o t h e r  components o €  t h e  EU. 

A s e t  of hardware was f a b r i c a t e d  which w a s  subsequent ly  used t o  a x i a l l y  
c l amp  t h e  two r i n g  sets  a f t e r  a l l  assembly was complete.  This  hardware 
a l s o  provides  on ove r l app ing  b a r r i e r  t o  f o r e i g n  d e b r i s .  Refer  t o  
F igure  6 € o r  d e t a i l s  of t h i s  harddare.  

2-2.5 Rearing S y s t e m  - A p a i r  O C  Kaydon KB 45 "Reali-SLim" bea r ings  were 
s e l e c t e d  f o r  the EU du r ing  t h e  des ign  s t a g e .  A f t e r  procurement t h e s e  
bea r ings  were c l e a n e d  a n d  l u b r i c a t e d  wi th  approximately 50 mgm o €  
KRYTOX AZ g r e a s e  i n  each bear ing.  The o r i g i n a l  s i n g l e  p i e c e  bronze 
b a l l  cage w a s  used s i n c e  speeds  are low and dynamic/ torque problems are 
improbable.  

A Bearing Pre loading  Housing w a s  rough machined from 440C s t a i n l e s s  
s teel ,  f i x t u r e  h e a t  t r e a t e d  in an i n e r t  gas  oven t o  R 56-60 and f i n a l  
ground t o  s i z e .  The h e a t  t r e a t i n g  f i x t u r e  was such cas t o  clamp both  
s i d e s  of t h e  0.5m (0.020 i n c h )  diaphragm t o  p reven t  d i s t o r t i o n .  A f t e r  
h e a t  t rea t  a r e f e r e n c e  f a c e  was ground on t h e  Housing mounting f a c e  and 
t h e  diaphragm was reduced by g r i n d i n g  t o  a 0.2 mm (0.008 i n c h e s )  
t h i ckness .  The bea r ing  o u t e r  d iameter  mounting s u r f a c e  was a l so  ground 
t o  s i z e  i n  t h e  f i n a l  f i n i s h i n g  ope ra t ions .  Details  of t h e  Housing and 
the  Bearing p a i r  a r e  v i s i b l e  i n  F igu re  11. 
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2-2.6 ASSEMBLY 

a. Cables - The Cable Assemblies were f a b r i c a t e d  u s i n g  a h o t  p l a t e  t o  
main ta in  the  Thimble c a v i t i e s  a t  220 +20°C. Appendix E p rov ides  
sub-component and f a b r i c a t i o n  process  d e t a y l s  . . 

b ,  Vacuum Bake - A l l  non-meta l l ic  components were thoroughly vacuum 
baked i n  an  oven a t  100°C f o r  50 hours  p r i o r  t o  f f n a l  c l ean ing .  
F r i o r  t o  t h i s  vacuum baking  t h e  components were c leaned  i n  Freon Type 
TEC f o r  15 minutes.  The Outer  Ring I n s u l a t o r s  e x h i b f t e d  a size change 
du r ing  t h i s  vacuum baking p rocess  which n e c e s s i t a t e d  a shimming p r o c e s s  
du r ing  t h e  assembly procedure.  (Refer  t o  S e c t i o n  2-2.6d t o  fo l low.)  

c. Cleaning - A f t e r  a l l  machining and f i n i s h i n g  o p e r a t i o n s  are 
complete t h e  EU components were c leaned  by t h e  Following procedure :  

o U l t r a s o n i c a l l y  c l e a n  parts f o r  3 minutes minimum i n  Freon TES. 
Care should be t aken  t o  avoid  c o n t a c t  between parts. 

o Remove t h e  p a r t s  Erom t h e  u l t r a s o n i c  d u r i n g  a g i t a t i o n  and blow d r y  
w i t h  f i l t e r e d  d r y  n i t rogen .  

o Vapor deg rease  t h e  pa r t s  i n  Freon TES u n t i l  condensa t ion  ceases. 

o Remove from t h e  vapor d e g r e a s e r  and blow d r y  w i t h  f i l t e r e d  d r y  
n i t rogen .  

A 1 1  E U  components were handled wi th  c l e a n  non-talc € i n g e r  c o t s  
th roughout  t h e  c l e a n i n g  and pos t -c leaning  p rocesses .  No form of 
metall ic in s t rumen t s  were allowed t o  c o n t a c t  any of t h e  c i r c u i t  
components from t h e  o u t s e t  of t h e  c l e a n i n g  p rocess .  A f t e r  t h e  c l e a n i n g  
o p e r a t i o n s  were completed t h e  c i r c u i t  components were e i t h e r  h e a t  
s e a l e d  ( p i l l  packed) i n  a 0.lmm minimum t h i c k n e s s  po lye the lene  bag O K  

c a r e f u l l y  s t o r e d  i n  pyrex d i s h e s  in a FED-ST3-209 o r  b e t t e r  c l e a n  
hoods. 

.4Eter vacuum baking t h e  non-metall ic p a r t s  were g i v e n  a secondary  
u l t r a s o n i c  Freon TEC wash. 

A l l  t o o l i n g  which was t o  be used i n  t h e  EU assembly o p e r a t i o n s  w a s  
thoroughly  c leaned  w i t h  Freon TA and ace tone  p r i o r  t o  usage. 

d. EU Assembly - The a c t u a l  assembly of t h e  EU was i n i t i a t e d  a f t e r  a l l  
sub-component c l e a n i n g  and vacuum baking p rocesses  were completed. 
F i g u r e  1 2  i s  a photograph of t h e  complete set of d e t a i l  p a r t s  of t h e  EU 
ready f o r  assembly. The assembly procedure  was r epea ted  f o u r  times 
d u r i n g  t h e  f i r s t  b u i l d  and tes t  of t h e  EU because of a number of 
o p e r a t i o n a l  problems w i t h  t h e  EU which had t o  be co r rec t ed .  These 
problems are  d i scussed  e l sewhere  i n  t h i s  r e p o r t .  

The i n i t i a l  s t e p  of t h e  assembly c o n s i s t e d  of mounting and p re load ing  
t h e  b a l l  bear ings .  Th i s  procedure i s  inc luded  i n  t h i s  r e p o r t  as 
Appendix F. 
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A f t e r  t h e  I n n e r  and Outer  Housings were assembled wi th  the  Bearing/  
Diaphragm assembly t h e  r o t a t i o n a l  to rque  was measured and t h e  c l r c u i t  
assembly was i n i t i a t e d .  The most c r i t i c a l  phase of t he  assembly 
c o n s i s t e d  of t he  assembly of each  Ring set and t h e  v e r i f i c a t l o n  of t h e  
a x i a l  a l ignment  of t h e  Inne r  and Outer Rfngs. This  sub-assembly 
p rocess  is documented in t h i s  r e p o r t  as Appendix G. A photograph w a s  
taken of t h e  EU looking  down i n t o  the  Housing c a v i t y  a f t e r  s t e p  "n" of 
t h e  procedure desc r ibed  € n  Appendix G. Th i s  photograph i s  inc luded  i n  
t h i s  r e p o r t  as F igu re  13. Th i s  f i g u r e  a l s o  shows t h e  o t h e r  c i r c u i t  and 
h e a t  t r a n s f e r  components d i scussed .  

A f t e r  a l l  of t h e  c i r c u i t  components had been assembled t h e  Inne r  and 
O u t e r  Housing t e r m i n a t i o n  members were assembled. These members 
provide a x i a l  clamping of a l l  of t h e  components as  we l l  as an e f f e c t i v e  
mechanical over lapping  non-contact ,  l a b y r i n t h  seal. 

e. TF Assembly - The assembly of t he  Test F i x t u r e  (TF)  was r a t h e r  
sL:raigiit forward dud Eollowed tilt! a s sembly  d e t a i l s  d e l i n e a t i d  i n  
Appendix H. 

F igure  14 i s  a photograph which shows t h e  h e a t  exchange manifold i n  t h e  
bottom of t h e  vacuum Base P l a t e  of t h e  TF. The manifol  which i s  
machined d i r e c t l y  i n t o  t h e  p l a t e  provides 1,806 c m 2  (280 i n  ) of heat 
exchange area which is l o c a t e d  d i r e c t l y  a d j a c e n t  t o  the  exchange area 
from t h e  EU base. F igure  15 is  a photograph of t h e  Base P l a t e  a f te r  
being s e a l e d  by t h e  Cover P la te  and 3M-EC-1675 s e a l a n t .  

4 

Figure  16 i s  a view of t he  completed TF p r i o r  t o  assembly of t h e  EU. 
This  f i g u r e  provides  a good v i e w  o €  t h e  c o n t r o l  pane l .  

F igure  17 is a close-up of t h e  surEace of t h e  TF vacuum Base P l a t e  
which shows t h e  EU-to-TF a d a p t e r  Ring. T h i s  Adapter provides  an  
e f € i c i e n t  h e a t  t r a n s f e r  i n t e rEace  and provides  r o t a t i o n a l  c l e a r a n c e  f o r  
the  Inne r  Housing i n t e r c o n n e c t i n g  c a b l e s  f o r  c i r c u i t s  1 through 4. 

F igu re  18 i s  a photograph of t he  under s i d e  oE the  TF and shows 
a d d i t i o n a l  d e t a i l s  of t h e  va r ious  sub-components. Comparison can be 
made between t h e  d e t a i l s  of F igure  18 and those  shown on t h e  even 
numbered pages of t h e  document of Appendix H. 

2.3 TESTING 

2.3.1 S i n g l e  C i r c u i t  Tests 

During t h e  f a b r i c a t i o n  of t h e  components f o r  t h e  complete EU a s p e c i a l  
s t a t i c  test f i x t u r e  was f a b r i c a t e d  t o  provide  a means of op t imiz ing  t h e  
h e a t  t r a n s f e r  between t h e  c o l l o c t o r  Rings and t h e  EU Housing. (Th i s  o p t i -  
miza t ion  w a s  desc r ibed  in s e c t i o n  2-1.4 of t h i s  r e p o r t . )  A s i n g l e  c i r c u i t  
was assembled i n  t h e  test  f l x t u r e  and e l even  copper /cons tan tan  thermo- 
couples  were a t t a c h e d  p e r  Tes t  Procedure 5240-080741. This  procedure i s  
inc luded  as Appendix D of t h i s  r e p o r t .  

F i f t e e n  d i f f e r e n t  des ign  c o n f i g u r a t i o n s  were assembled i n t o  t h e  f i x t u r e  
and t e s t e d .  These c o n f i g u r a t i o n s  provided va r ious  means oE t r a n s f e r r i n g  
t h e  h e a t  from t h e  c o l l e c t o r  Rings t o  the  Housings. Parameters which were 

-32- 



I -  

33 



Figure 14 

Vacuum Base Heat Exchange Manifold 
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Figure 15 

Vacuum Base With Sealed Manifold 
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Figure 16 

High Power Roll Ring Test Fixture 
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varied were contact pressure, effective surface roughness (area), interface 
material (machined phenolic, copper, epoxy and grease) and interface 
orientation (Wave Spring location) l This test sequence revealed that 
little was to be gained by improving the surface finish unless it could be 
vastly improved. Of major importance was the determination that for the 
particular Wave Spring design fabricated the heat transfer was optimum for 
a given annulus radial dimension. The reason this is believed to be true 
is discussed in the "Design" section (2-1) of this report. This radial 
dimension, which represents a spring deflection of 35 percent of free 
height and 350 percent of Spring material thickness, was used in the EU. 

2.3.2 MULTI CIRCUIT TESTS 

After completing the initial assembly of the EU a set of measurements 
were made to verify design and assembly adequacy prior to initiating the 
performance tests. The result of these measurements and a brief discuss- 
ion of each follows: 

a) DC Low Current Resistance - Since the original and the revised 
groove configurations of the EU have slightly different Flexure/Ring 
groove interfaces the low current circuit resistance is also different. 
Table VI below summarizes the two sets of resistances. These 
resistances were measured with a low current milliohm meter. The 
modulation resistance is the variation of the average resistance when 
the EU rotates. 

CIRCUIT RES I STANCE RESISTANCE MODULATION 
NUMBER 

1 

2 

(MILLIOHMS) 
Original Final 

(MILLIOHMS) 
Original Final 

(0.45) (0.47) (+O - . 02 ) 
(0 .46)  (0 .48)  (+O - -0 1 ) 

3 (0 .45 )  (0 .47)  (+O - . 02 ) 
4 ( 0 . 4 6 )  (0.48) (+0.01) - 
5 0.50 (0.50) - M.02 
6 0.51 (0.48) - M.04 
7 0.52 (0.50) - 4.0.02 
8 0.48 (0.48) - 

Spec. Reqm <lo00 < l o 0 0  - 

+O.o1 

<+O 25 

LOW CURRENT CIRCUIT RESISTANCE 
TABLE VI 
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b. Insulation Resistance - The high voltage insulation resistance of 
each circuit of the EU was checked with respect to the EU Housings and 
with respect to adjacent circuits. Table VI1 below summarizes the 
readings taken . 

CIRCUIT 
NUMBER 

1 

2 

3 

4 

5 

6 

7 

8 

Spec. Req. 

INSULATION RESISTANCE 
AT 1K VOLTS (M OHMS) 
CRKT/GRND CRKT / CRKT 

5 OK 

30K 

50K 

30 K 

60K 

60K 

60K 

5 OK 

lOOK 

lOOK 

lOOK 

lOOK 

200K 

200K 

200K 

>10.0 >10.0 

INSULATION RESISTANCE 
TABLE VI1 

The EU has acceptable insulation between adjacent circuits as well as 
to the respective grounds. 

c) Capacitance - A n  estimate was made in the original proposal as to 
the potential circuit-to-circuit and the circuit-to-ground capacitive 
coupling. As 'the summary data in Table VI11 below shows, the 
capacitance in the completed EU is considerably greater than the 
predictions. If this turns out to be a problem when the EU is 
conducting an AC voltage the design would require modification to 
reduce the values. These design mods would likely result in a larger 
unit. The measured capacitance values are as shown in the table. No 
explanation can be given for the variation of the readings from 
circuit-to-circuit. 
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CIRCUIT 
NUMBER 

1 
2 
3 
4 
5 
6 
7 
8 

Spec. Req. 

CAPACITANCE (PFD) 
CIRCUIT/CIRCUIT CIRCUIT/GROUND 

2000 
2000 
2000 
980 
1080 
860 
710 

<150 

1590 
1440 
1570 
1440 
1010 
1130 
1020 
850 
(300 

CAPACITIVE COUPLING 
TABLE V I 1 1  

d )  Torque - The to rque  measured on t h e  va r ious  EU b u i l d s  v a r i e d  ove r  a 
wide range. This  c h a r a c t e r i s t i c  was n o t  observed i n  previous b u i l d s  of 
t h e  i n i t i a l  2 c i r c u i t  p ro to type  u n i t .  It is  be l i eved  t o  be a s s o c i a t e d  
wi th  not-quite-optimum des ign  c l ea rances  i n  t h e  m u l t i - c i r c u i t  a x i a l  
t o l e r a n c e  s tackup of t h e  EU. The torque  p e r  c i r c u i t  w a s  t y p i c a l l y  0.7 
Newton cm (1.0 oz-in) and t h e  bear ing  to rque  was on t h e  o rde r  of 4.2 
Newton c m  (6.0 oz-in). Th i s  r e s u l t e d  i n  a complete EU torque  of 10 
Newton c m  (14.0 oz-in). 

A f t e r  t h e  f i r s t  b u i l d  of t h e  EU t h e  torque  l e v e l  i nc reased  approximate- 
l y  300 pe rcen t  s h o r t l y  a f t e r  i n i t i a t i n g  t h e  vacuum tes t  phase. The 
u n i t  was disassembled t o  determine t h e  cause.  The only  d iscrepancy  
which could be loca ted  w a s  t h a t  t h r e e  of t h e  10 I d l e r s  on t h e  bottom 
(No. 1) c i r c u i t  were found t o  be i n  an i n n e r ,  i n s t e a d  of a n  o u t e r  
l o c a t i o n  r e l a t i v e  t o  t h e  F lexure /F lexure  small gap. A f t e r  conduct ing a 
number of experiments  t o  a t tempt  t o  cause t h e  I d l e r s  t o  t r a v e r s e  t h e  
gap by app ly ing  modest l e v e l s  of r a d i a l  f o r c e s  bu t  wi thout  success  i t  
was concluded t h a t  t h e  I d l e r s  must have been assembled i n  t h e  i n c o r r e c t  
p o s i t  ion.  

The I d l e r  Guides were modified by adding shou lde r s  t o  t h e  Guides which 
r e s t r i c t e d  t h e  I d l e r  r a d i a l  freedom, t h e  EU w a s  re-assembled and vacuum 
test  d a t a  w a s  taken. During t h e  f i n a l  phases  o f  t h i s  t e s t i n g  (approxi-  
mately 30 hours  t o t a l )  t h e  u n i t  aga in  momentarily s t a l l e d  the TF. The 
EU w a s  then  removed from t h e  TF and c a r e f u l l y  disassembled t o  de te rmine  
t h e  cause  of t h e  torque  change. (The to rque  change had subsequent ly  
d isappeared) .  No obvious cause  was ev iden t  d u r i n g  disassembly. A set 
of tests were conducted and p i e c e  p a r t  measurements made t o  de te rmine  
t h e  cause  but  none could be found nor  could t h e  torque  i n c r e a s e  be 
dup l i ca t ed .  

These tests c o n s i s t e d  of assembling only  two c i r c u i t s  w i t h  a s p e c i a l  
upper I d l e r  Guide which w a s  modified t o  provide  a means of obse rv ing  
t h e  o p e r a t i o n  of t h e  upper c i r c u i t  components. Subsequent t e s t i n g  a t  5 
rev/min i n  vacuum both  wi th  and without  c u r r e n t  d i d  no t  r e v e a l  any 
anomalous behavior  o t h e r  t hen  occas iona l  f l u t t e r  of some Flexures .  The 
l a t t e r  was c h a r a c t e r i z e d  by a small d e v i a t i o n  of t h e  F lexure  fram a - 
r o l l i n g  p l ane  normal t o  t h e  r o t a t i o n  axis. 

i l  
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Since t h i s  behavior  i s  in f luenced  by t h e  F lexure  cap tu re  s t i f f n e s s  
which is, i n  t u r n ,  c o n t r o l l e d  by t h e  Ring gooove r a d i i ,  F lexure  r a d i i  
and groove-to-groove space  i t  is  n o t  e a s i l y  modified. This c a p t u r e  
q u a l i t y  is  c h a r a c t e r i z e d  by t h e  " s t a b i l i t y  r a t i o "  and t h e  " s t r a d d l e  
angle" and i s  improved by a reduced r a t i o  and inc reased  ang le  
r e s p e c t i v e l y .  This  r a t i o  and ang le  are t r a d e d  o f f  wi th  "conformity" 
which relates t o  t h e  c o n t a c t  c u r r e n t  d e n s i t y .  It had p rev ious ly  been 
assumed t h a t  s t a b i l i t y  r a t i o s  (1 and s t r a d d l e  ang le s  >10 were 
acceptab le .  The EU des ign  had a r a t i o  of 0.51 and an e f f e c t i v e  ang le  
of 13 degrees  i n  c o n t r a s t  t o  t h e  o r i g i n a l  p ro to type  module of 0.27 and 
17 degrees  r e s p e c t i v e l y .  This y a d e - o f f  provide  4 a r e d u c t i o n  of 
c u r r e n t  d e n s i t y  from 650K amps/inch t o  50K amps/inch . 
Since  t h e  F lexure  r o l l i n g  d e v i a t i o n  was small and i n f r e q u e n t  and 
because dynamic mod i f i ca t ions  would be t i m e  consuming a d e c i s i o n  w a s  
made t o  r e t r o f i t  a p a r t i a l  EU wi th  Teflon f l e x u r e  guides  t o  l i m i t  t h e  
r o l l i n g  excur s ion  and r e l a t e d  torque  change. The u n i t  was then  p laced  
i n t o  an o p e r a t i o n a l  mode f o r  s u f f i c i e n t  t i m e  t o  assure t h a t  f u t u r e  
o p e r a t i o n  would be accep tab le .  Subsequent tests f o r  110 hours  (33K 
r e v s )  i n  vacuum were a c c e p t a b l e  from a performance s t andpo in t .  A f t e r  
d i ssassembly  and i n s p e c t i o n ,  however, i t  w a s  observed t h a t  one c i r c u i t  
had s e v e r a l  small Te f lon  par t ic les  from t h e  o c c a s i o n a l  F lexure  con tac t .  

It was observed du r ing  t e a r  down t h a t  some Flexures  were very stable 
( sma l l  la teral  d e v i a t i o n s )  wh i l e  o t h e r s  were very uns t ab le .  Subsequent 
examinat ion on a comparator a t  lOOX r evea led  a v a r i a n c e  of t h e  s t r a d d l e  
ang le  from 8 degrees  on t h e  u n s t a b l e  F lexures  t o  18 degrees  on t h e  
s t a b l e  F lexures .  Th i s  v a r i a t i o n  was r e l a t e d  t o  t h e  c l o s e  conformity of 
t he  F lexure  r a d i u s  and Ring groove r a d i i .  Small  v a r i a t i o n s  of p l a t i n g  
t h i c k n e s s  were adequate  t o  in t roduce  t h e  v a r i a t i o n .  This  s e n s i t i v i t y  
could be avoided by a small r educ t ion  of t h e  conformity and would only  
f o r c e  a small i n c r e a s e  i n  r e l a t e d  c u r r e n t  d e n s i t y .  

It w a s  decided a t  t h i s  p o i n t  t h a t  a change of t he  Flexure/Ring groove 
i n t e r f a c e  was necessary  t o  e l i m i n a t e  t h e  p l a t i n g  s e n s i t i v i t y ,  t o  
improve the  F lexure  dynamics and t o  reduce t h e  F lexure  l a t e r a l  
excurs ions .  The des ign  mod i f i ca t ions  fo rced  by t h e  unacceptab le  
F lexure  dynamics involved t h e  Ring groove t r a n s v e r s e  r a d i u s  and b a s i c  
goove d i ame te r s  as w e l l  as t h e  F lexure  c o n t a c t  groove r a d i u s  and r a d i u s  
c e n t e r  l o c a t i o n .  Layouts were made to  provide  a means of selecting t h e  
groove r a d i i  which would no t  n e c e s s i t a t e  a change of the  F lexure  
p re load ,  I d l e r  d iameters  and I d l e r  Guide c o n t a c t  r a d i i .  An a c c e p t a b l e  
des ign  c o n f i g u r a t i o n  was s e l e c t e d  which could be implemented wi thou t  
s c rapp ing  any components. Contac ts  w i th  t h e  p l a t i n g  vendor provided a 
means of b u i l d i n g  up t h e  Ring grooves w i t h  copper  0.005 inches  t h i c k  
which provided a base from which t h e  new groove could be machined. 
A f t e r  t h e  new grooves were formed and t h e  F lexure  co rne r  r a d i i  were 
modif ied t h e  par ts  were a l l  r e p l a t e d .  The numer ica l ly  c o n t r o l l e d  
machining process  made i t  p o s s i b l e  t o  r e l o c a t e  t h e  F lexures  and Rings 
i n  t h e  machine and re-machine- t h e  grooves and t r a c k s  wi th  a r e v i s e d  
computer c o n t r o l  tape.  

The EU was then  reassembled a t h i r d  t i m e .  It w a s  observed d u r i n g  t h i s  
reassembly t h a t  t h e  F lexure  r o l l i n g  t r a j e c t o r y  was much more s t a b l e  and 
t h a t  t h e  F lexures  would even snap back i n t o  t h e  t r a c k  a f t e r  be ing  
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nudged out of position. The unit was then placed back into test. The 
torque increased approximately 200 percent in test but then appeared to 
level off at this value. It is probable that the Flexure kinematics 
are still not optimum but vastly improved from that of the initial 
design. The increase in torque is anticipated to result from 
occasional light rubbing contact of a few Flexures from time to time 
with the face of the Idler Guide rails. 

e) Low Voltage/High Current Tests - Throughout the test sequence just 
described the EU was subjected to current testing from 50 to 200 amps 
but always at a voltage level of <10 volts. The general procedure 
described in Appendix I was used as a baseline for conducting these 
tests. This procedure describes both the integration of the EU into 
the TF and the actual EU tests. Figure 19 is a photograph of the EU 
set-up on the TF ready for cabling into the TF terminals. Figure 20 is 
a photograph of the EU set up for Inner Housing temperature testing. 

A considerable quantity of data was taken during these various tests in 
a number of configurations for both the origipal and the revised Flex- 
ure/Ring groove interface. The steady state temperature as well as 
the effective circuit resistance under current were essentially the 
same for both configurations. Table IX summarizes the resistance and 
steady state temperature measured during these tests. The raw data is 
available for review but is not included as a part of this report. 

Tests "all and "b" in Table IX were conducted to determine the Inner 
Housing temperature as well as the relationship of this temperature to 
rotation. Since the ball bearings provide the only thermal path from 
the Inner to the Outer Housing it was suspected that the effective 
thermal conductivity of the bearing might change with rotation. A 
thermocouple was attached to the Housing adjacent to Circuit Number 1. 
The two lead wires were brought out on upper circuits 7 and 8 .  The 
remaining six circuits were set-up in a series string to conduct 
current. The results of these tests show that the rotation of the 
Inner Housing introduces a temperature increase of the Housing of 6 to 
8 percent. The-temperature change at the Inner Ring is not known but 
assumed to be on the same order. 

Tests "c" and "d" are typical of those taken to determine the influence 
of the number of active circuits upon the steady state temperature and 
the repeatability of the voltage drop, resistivity and temperature 
readings. As can be seen from the test summaries, these parameters are 
not only consistent from run to run but also indicate that the heat 
transfer of the Housing members does qot saturate when all eight 
circuits are activated. The influence on the Inner Housing assembly is 
not known. 

An attempt was made to measure the steady state temperature of all of 
the circuits with mixed success. The temperature readings tended to be 
inconsistent when more than one thermocouple was connected to the 
multiple pin header in the vacuum plate. These readings showed a 
reduced temperature on some of the circuits above circuit no. 1 and 
slightly greater temperature levels on others which did not seem 
consistent. 
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. The power t r a n s f e r  e f f i c i e n c y ,  e may be  determined by reducing t h e  T' 
power t r a n s f e r r e d  a c r o s s  t h e  EU by t h e  "Ic 2%'' l o s s e s  such t h a t  

F igure  2 1  i d e n t i f i e s  t h e  r e l a t i o n s h i p  of t h i s  t r a n s f e r  e f f i c i e n c y  w i t h  
t h e  s o u r c e  v o l t a g e ,  E ,  f o r  t h e  EU f o r  v a r i o u s  power l e v e l s .  The 
e f f i c i e n c y  of t r a n s f e r  shown i n  t h e  f i g u r e  i s  unequalled by any o t h e r  
known t r a n s f e r  device.  The e f f i c i e n c y  f o r  i n s t a n c e  a t  a 250 v o l t  
s o u r c e  a t  a power l e v e l  of 50KW i s  99.96 percent  which exceeds t h e  
s p e c i f i c a t i o n  requirement of 95.0 percent .  

DERIVED RESISTANCE STEADY STATE 
VOLTAGE ( m i l l i  ohms) TEMPERATURE (52 

C I R C U I T  CURRENT DROP(mv) AVERAGE MODULATION RING HOUSING 
( A M P S )  

a. I n i t i a l  Configuration/Power on C i r c u i t s  1-6 /Sta t ic  

1 100 85.1 0.37 47 34 --- 
1 150 132.7 0.39 68 42 --- 
1 150 136.3 0.40 68 43 --- 
1 200 184.2 0.41 95 50 --- 
1 200 185.6 0.42 --- 100 54 

b. I n i t i a l  Configurat ionIPower on C i r c u i t s  1-6/5 revlmin 

1 50 42.0143.9 0.38 - +0.02 31 28 

+0.02 47 36 

1 150 134.5/138.1 0.40 - +0.01 70 46 

1 100 86.9/90.4 0.39 - 

C. I n i t i a l  Conflguration/Power on C i r c u i t s  1 and 2/5 rev/min 

-- 2 154 150/158 0.45 +0003 74 

2 154 150/160 0.45 +o 03 73 

- 
< I  - - 

d.  F i n a l  Configuration/Power on a l l  c i r c u i t s / 5  rev/min 

-- 1 152 1381 143 0.41 +o . 02 65 

1 151 139/ 142 0.41 +0.01 69 

- 
-- - 

RESISTANCE AND TEMPERATURE SUMMARY OF POWER TESTS 
TABLE I X  
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f )  High Voltage/Low Current  Tests - A f t e r  completing. t h e  h igh  c u r r e n t  
tests t h e  EU was s u b j e c t e d  t o  500 v o l t  t e s t i n g  w i t h  a 250 ohm load  

1 K  

800 

600 

400 

200 

0 

r e s i s t o r .  The u n i t  w a s  wired w i t h  a l t e r n a t i n g  p o l a r i t y  t o  impose a 
wors t  case s c e n a r i o  f o r  p o t e n t i a l  v o l t a g e  break-down and/or  plasma 
genera t ion .  The u n i t  was wired as fo l lows:  Power supply  (+) t o  lS - 
1 - 3R - 3s - - 5  - 7 R  - 7 t o  load  r e s i s t o r  t o  8 - 8 - 6, - 6s 
-R4S - 4R - ZR5: 2s 50 power $upply (-1. The "S" an% "R"subscripts 
d e n o t e  s t a t o r  and r o t o r  r e s p e c t i v l e y .  

The u i t  was pumped down a l l  n i g h t  such t h a t  t h e  chamber p r e s s u r e  w a s  2 
X 10' Torr.  The power supply  was swi tched  on and 500 v o l t s  was 
a p p l i e d  t o  t h e  EU. The c u r r e n t  was 1.8 amps. The u n i t  was turned  o f f  
t o  open t h e  b e l l  j a r  so  t h a t  a l o o s e  monitor w i r e  could be i n s u l a t e d .  
While pumping t h e  chamber back down t h e  power supply  was a g a i n  swi tched  
on gnd set a t  500 v o l t s .  The p r e s s u r e  i n  t h e  chamber w a s  g r e a t e r  t h a n  
10- Torr  so t h a t  t h e  i o n i z a t i o n  gage was n o t  operable .  It i s  
e s t ima ted  from t h e  t i m e  t h e  v a l v e  had been open t h a t  t h e  p r e s s u r e  w a s  
approximate ly  1000 microns ( l m m  Hg).  A p lasma a b r u p t l y  formed i n  t h e  
chamber, t h e  power supply  surged  t o  >10 amps and t h e  breaker  tu rned  t h e  
u n i t  o f f .  

S ince  i t  was no t  a n t i c i p a t e d  t h a t  a plasma would form a t  a p r e s s u r e  as 
h igh  as 1000 microns a s e t  of tests were conducted t o  de t e rmine  t h e  
r e l a t i o n s h i p  of t h e  plasma on-set v o l t a g e  w i t h  a b s o l u t e  pressure .  A 
thermocouple gage  ( p a r t  of t h e  TF) was used t o  monitor t h e  p r e s s u r e  and 
t h e  feedthrough header  was used t o  de te rmine  plasma formation. A low 
c u r r e n t  h igh  v o l t a g e  megohmmeter was used as t h e  supply.  One l e g  of 
t h e  supply  w a s  a t t a c h e d  t o  two p i n s  orl t h e  header and t h e  o t h e r  leg of 
t h e  supply  was a t t a c h e d  t o  t h e  TF Base. The r e s u l t s  of t h i s  test are 
p l o t t e d  i n  F igu re  2 2  below: 

1 M I  CRONS 

. 

ABSOLUTE PRESSURE 

PLASMA ONSET VOLTAGE RELATED TO CHAMBER PRESSURE 
FIGURE 22 
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The EU was d isconnec ted  from t h e  load  and supply  and checked t o  
de te rmine  t h e  damage caused by t h e  plasma. 
a l though t h e  i n s u l a t i o n  r e s i s t a n c e  t o  ground w a s  >2 X 19 
v o l t s  c i r c u i t s  1 and 2 were shor t ed  t o g e t h e r  w i th  a 10 ohm s h o r t  even 
i n  air. 

5 This  c h e c 3  r evea led  t h a  
M ohms a t  10 

The u n i t  was removed from t h e  TF and disassembled t o  de te rmine  t h e  
source.  It was determined t h a t  plasmas had formed i n t e r n a l l y  a t  each 
of t h e  Connecting Bo l t s  a t  t h e  p o i n t s  t h a t  t h e  Bo l t s  immerged from t h e  
c l e a r a n c e  h o l e s  in Inner  Rings 1 and 8. The plasma between t h e  
c l e a r a n c e  ho le  in Inner  Ring 1 had been s e v e r e  enough as t o  burn 
through t h e  i n s u l a t i o n  on t h e  connec t ing  b o l t  on c i r c u i t  2. The 
r e s u l t i n g  metal ion t r a n s f e r  from t h e  h o l e  w a l l  in t h e  Ring t o  t h e  
connec t ing  Rod r e s u l t e d  i n  a metallic b u i l d  up which produced t h e  
sho r t .  

The s l e e v e  i n s u l a t o r s  on t h e  Connecting Rods were rep laced  wi th  a more 
s u b s t a n t i a l  Nylon tube  I n s u l a t o r  and t h e  EU was rewired so as t o  not  
impose t h e  wors t  c a s e  p o l a r i t y  between ad jacen t  c i r c u i t s .  C i r c u i t s  1 
through 4 were ass igned  one p o l a r i t y  wh i l e  c i r c u i t s  5 through 6 were 
ass igned  t h e  o t h e r .  F igure  1-2 of Appendix I i d e n t i f i e s  t h i s  w i r ing  
technique.  

The EU was reassembled for t h e  f o u r t h  time wi th  t h e s e  mod i f i ca t ions  and 
f i n a l  performance checks were made. These checks,  which inc luded  
h igh  c u r r e n t  (150 amps a t  8 v o l t s )  t e s t i n g ,  h igh  v o l t a g e  i n s u l a t i o n  
r e s i s t a n c e  measurements and h igh  v o l t a g e  t e s t i n g  I n  a i r ,  were a l l  
s a t i s f a c t o r y .  The h igh  c u r r e n t  test  r e s u l t s  were summarized as tests 
’Id” in Table  I X  and t h e  h igh  v o l t a g e  test r e s u l t s  are summarized in 
Table X below. This  is t h e  c o n f i g u r a t i o n  of t h e  u n i t  as i t  was shipped 
for f u l l  power t e s t i n g  a t  t h e  L e w i s  Research Center.  

VOLTAGE CURRENT VOLTAGE DROP DERIVED RESISTANCE 
(MV) 1-3 (Milliohms ) 

I 
(Amps) 

100 0.4 0.3 0.32 

200 0.8 0.6 ’ 0.32 

300 1.1 0.95 0.38 

400 1.5 1.3 0.38 

500 1.85 1.6 
I 

0.38 

SUMMARY OF HIGH VOLTAGE TESTING I N  AIR 11 5RPM 
TABLE X 
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3. CONCLUSIONS AND RECOMMENDATIONS 

It is concluded t h a t  a l though  a number of problems had t o  be  so lved  
d u r i n g  t h e  development of t h i s  f i r s t  multi-hundred k i l o w a t t  r o t a r y  power 
t r a n s f e r  dev ice ,  t h e s e  problems were a l l  of a des ign  " l ea rn ing  curve" type. 
None of t h e  problems are be l i eved  t o  be  of a s ta te -of - the-ar t  l e v e l .  The 
h igh  v o l t a g e  plasma breakdown w a s  more a r e s u l t  of l a c k  of f a m i l i a r i t y  w i t h  
t e s t i n g  a t  h igh  v o l t a g e  i n  vacuum then  of des ign  inadequacy. Some of  t h e  
l a t t e r  was t r u e ,  however, which d i c t a t e s  t h a t  a des ign  change a t  t h e  
t e r m i n a t i o n s  would i n c r e a s e  t h e  o p e r a t i n g  margin. Power t r a n s f e r  a t  l e v e l s  
and e f f i c i e n c i e s  never  b e f o r e  achieved have been demonstrated.  It now 
remains t o  demonst ra te  how long t h i s  e f f i c i e n c y  of t r a n s f e r  can b e  
maintained. 

It could a l s o  be concluded t h a t  t h e  EU as i t  is p r e s e n t l y  conf igured  
could be  used t o  t es t  a t  c u r r e n t  and voltagk! l e v e l s  of up t o  200 amps and 
500 v o l t s  s imul taneous ly  provided t h a t  t h e  proper  t e s t i n g  procedures  for 
vacuum are followed. 

Although t h e  to rque  l e v e l s  and l i f e  are  a n t i c i p a t e d  t o  be a c c e p t a b l e  f o r  
f u t u r e  t e s t i n g  a d d i t i o n a l  development i n  t h e  area of F lexure / Id l e r /R ing  
groove r e l a t i o n s h i p s  i s  r equ i r ed  t o  p rope r ly  understand t h e  mechanisms 
involved. Another des ign  re la ted area of u n c e r t a i n t y  is the  effect of 
m u l t i - c i r c u i t s  on a x i a l  dimensional  stack-up and a s s o c i a t e d  c l e a r a n c e  
e f f e c t s  w i t h  and wi thou t  temperature .  

A set of recommendations can be made based upon t h e  r e s u l t s  of t h e  EU/TF 
development . 

a)  Power t e s t i n g  of t h e  EU should be g r a d u a l l y  i n c r e a s e d  from 
approximately 50 amps t o  200 amps a t  a p o t e n t i a l  of 200 v o l t s  o r  less 
p r i o r  t o  i n i t i a t i n g  h ighe r  v o l t a g e  t e s t i n g .  

b) S ince  t h e  p re sen t  c o n f i g u r a t i o n  of t h e  EU and t h e  TF does  no t  
r e p r e s e n t  an a p p l i c a t i o n  from t h e  s t a n d p o i n t  of hea t  t r a n s f e r  from both 
Housings,  t h e  maximum a l lowab le  o p e r a t i n g  power based on tempera ture  
should be  a d j u s t e d  accord ingly .  5 

c) T e s t i n g  a t  l e v e l s  of 250 v o l t s  or more should only be 
conducted a t  s t a n d a r d  p r e s s u r e  or a t  an a b s o l u t e  p r e s s u r e  of <10 
Torr.  

d )  When t e s t i n g  t h e  EU a t  a p o t e n t i a l  >250 v o l t s  t h e  EU should be 
allowed t o  ou tgas  i n  s t a g e s  as t h e  u n i t  h e a t s  up t o  prevent  s e t t i n g  up 
l o c a l i z e d  zones w i t h i n  t h e  EU which could suppor t  a plasma. 

e )  The EU should be  eva lua ted  f o r  t h e  t r a n s f e r  of bo th  DC and AC power 
s i n c e  t h e r e  are no known b a r s  t o  t h e  t r a n s f e r  of AC c u r r e n t  a t  almost 
any frequency . 
f )  A set of d e s i g d t e s t s  should be  conducted i n  which t h e  s t a b i l i t y  of 
t h e  F lexures  is optimized by way of t h e  Flexure/Ring groove i n t e r f a c e  
des ign  . 
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g )  Fu tu re  u n i t s  u t i l i z i n g  many c i r c u l t s  should provide  g r e a t e r  
i n t e r n a l  c l e a r a n c e s  t o  accomodate thermal ly  induced s t r a i n  e s p e c i a l l y  
in t h e  axial  d i r e c t i o n .  

h)  A set of d e s i g d t e s t s  should be conducted in which f u r t h e r  
improvements of h e a t  t r a n s f e r  between t h e  c u r r e n t  c o l l e c t o r  Rings and 
t h e  Housings r e s u l t .  This  would r e s u l t  in g r e a t e r  o p e r a t i n g  margins a t  
m a x i m u m  power l e v e l s .  
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APPENDIX A 

FLEXURE BENDING STRESS AND STIFFNESS 

Bending Stress 

The bending stress distribution of a preloaded flexure is as shown in 
Figure A-1 below. 
assuming the flexure is a thin elastic ring deformed in a single plane by 
equal and opposite forces FR. 
location angle, 8,  taken from the normal load, FR, by: 

The magnitude of this stress may be determined (4) by 

The radial deflection, YR, is related to the 

(A - 1 )  I SIN8 + 7T COS 8 Q'COS0 
+ 4  8 -4 

FR r3 - 1 
'R = K 

NOTE: YR = half of the total deflection and is + toward the centerline. 
8 = 90" 

1 
WHERE: 

r = rI 

Fk 0" 

FIGURE A-1 - FLEXURE PRELOAD AND BENDING STRESS DISTRIBUTION 

,- 
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The bending moment, M, is related as follows: 

L 
The bending stress at the load point, ? B/O, i s  related to the moment, 

M, by: 

-0.318 FR rcI 
- - at the inside fiber 

I ( -  denotes tension) 

at the outside fiber 0.318 FR rco 

I 
- - 

and the stress at the free loop, CB/90 

0.182 FRrcI 
at the inside fiber 

1 ( -  denotes tension) 
-0.182 FRrcO 

at the outside fiber =T 

Bending Stiffness 

The effective flexure stiffness, K, may be derived from the deflection 
equation ( A - 1 )  by letting 8 = 0 = 180": 

J 

6.7214 E I 
= +  r 

SECTION SECOND MOMENT 

(A-8) 

~ 

The second moment of the Flexure section may be derived by deriving the 
second area moment about the flexure minor radius center ( a x i s  X - X )  and 
transposing to the neutral axis 0-0. 
for this analysis. 

Reference is made to Figure A-2 

I A-2 



FIGURE A-2 CROSS SECTION OF FLEXURE 

The cross section area o f  the Flexure, A ,  may be derived by subtracting 
the two corner areas from the t o t a l  rectangular apea as follows: 

X = LRr, s inoc  (A-9 ) 

Y = r l  cosw 

dy = -rl  s inw 

da  = r l  (sintXo - sin% ) dy 

2 = r: (sin a~ - sin* sin& o )  doc 

AF:w t - 2 s"' r l  2 (sin 2 O( - sin o( sinocO)doc 
and 

WO 

(A-10) 

(A-1  1 ) 

(A-12) 

2 = wt - r, - 6w,, - 0.5 S I N q -  Q . 5 S I N 2 W 0  + 2COSO( I sine( o) 
A-3 



The first area moment about a 
A-10 and A-12: 

:is X - X  ma be derived from equations 

= wt(LR + t/2) - r3h(2sin3dI + sin3d0 - 3sin2d Isin do)  (A-14) 

The second area moment about axis X - X  may also be derived from eguations 
A-10 and A-12: 

A 

xx Y'A = I 

d - I  
- - wt [I;LR + t/2)2 + t2/12] - 2r: b(cos2dsin20(. - cos2& sind sind o)d& 

0 

3 s i n d  cos 3 & I + 8~ind.~cos 3 I - 5sir?c(, cos 3 d - %in 3 ~ o c o s ~ o  I 

(A-15)  

The neutral axis of the section is located at a distance, 7 from the 
axis X and may be determined from equation A-13  and A-14: 

Y A  Y = r  
F 

- 
(A-16) 

The inertia about the neutral axis, I ,  may be derived from the relation- 
ships governing area translations which are equations A-13, A-15 and A-16: 

-2 I = I, - A,-- 
2 +? = y A - AF- (A-17) 

A-4 
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CIRCUIT RESISTIVITY ANALYSIS 



APPENDIX B 

C I RCU I T RES I ST I V I TY ANALYS IS 

The terminal-to-terminal resistance of each circuit may be derived by considering 
the total parallel path. 
tance elements may be assigned: 

Referring to the equivalent circuit below the resis- 

+ L4 - A 

- e tC L1 

A1 R1 - 
I 

Where : 
101 eTC = Resistivity o f  tellurium copper =(T) 1.724 = 1.87 p ohm cm 

L1 = Mean length o f  terminal to centroid o f  cone. 
= 0.370 in 

A 1  = Effective cross sectional area 

2 = 0.147 in 

6-1 



W O  R2 

R3 consists of the p a r a l l e l  pa ths  R ( n  1 (where I I n ' I  represents the 10 

flexure contac ts )  i n  series with the t a b  res i s tance  RT. 

R ( 2 ) =  

Nhere : 
- 

L3 - 
- - 

R ( 2 ) =  

Res i s t iv i ty  of leaded brass = 6.63 X ohm cm 

The e f f e c t i v e  length from the tab/cone mounting center  t o  the outer 
r ing OD. 

0.80 in.  

Cross sect ion area o f  t a b  

(0.94 ) (0.15 ) 

0.14 i n  2 

Mean radius o f  outer r ing  

3.1 i n .  

Outer r ing  cross section 

(0.2) (0.28) 

0.056 i n  2 



Since there are 2 R paths the equivalent R path resistance R’ is: 
(2 )  (2 1 (2 1 

R i z )  = 45.4 X ohm 

In a similar manner 

R i 3 )  =fL:oi3 p ) ($) = 90.8 X ohm 

R14 1 =(2:i< ’ ) (:> = 136.2 X ohm 

R15 1 =(‘:a,,* ’- >o = 181.6 X ohm 

and 
R3 = Total outer ring resistance 

= (15 t 20) X 

= 35 X ohm 

R4 = Total equivalent contact resistance at f lexure/ring groove interface. 

Rc = Resistance of each interface 

G + P R  0.5 
= 4 (t) (Ref 7) 



Where 

= Resistivity of flexure surface material P F  

P R  = Resistivity of ring groove surface material 

(Ref8 ) 2 A = Contact area = 1.8 X in C 

- Since p F  = p R  - p m l d  = 2.2 X ohm cm 

R c =  2 
0.5 

l (2 .54)  I 
%ld w*5 

x - - (2.2 x 1 0 9  

= 57.2 X ohm 

and 

- RC 
R4 - zi for 2 contacts/f lexure 

Where 
n =  

- 
R4 - 

- - 

- 
R5 - 

RF = 

Number o f  flexures = 10 

57.2 X 7avv--- 
3 X ohm 

Resistance o f  flexures 

Resistance of each flexure 



Where 

DF = Flexure Diameter = 1.28 in. 

AF = Cross sectional area of flexure 
-3 . 2 (Appendix A) = 2.26 X 10 in 

= Resistivity of Beryllium Copper flexure material = 7.19 X ohm cm P F  

= 1.26 X ohms 

RF (2.$4)(4)(2.26 X 
- I (1.28)(7.19 X - 

1.26 x 
=. 10 

= 126 X ohm 

R6 = R4 = 3 X 10 ohm -6 

R7 = Resistance of the Inner Ring 

The worst case resistance is that of the number 4 and number 5 rings since 
these rings have the largest number of connecting bolt clearance holes. 

, Each o f  these rings have 3 holes in addition to the tie bolt hole. 

1 
'2 

Where 

= L4p7 = L P 7  
= F + 2 ( A 7 - A H  

p7 = Resistivity of leaded brass inner ring = 6.63 X ohm cm 

L4 = Mean radius of Inner Ring = 1.40 in 

A7 = Cross sectional area of inner ring 

= (0.38)(0.69) A -5- 



2 = 0.26 in 

A,, = Cross sectional area o f  hole in inner ring 

= (0.38)(0.44) 

= 0.17 in 2 

L5 = Effective length o f  hole restriction in inner ring 

= 0.25 in 

(0.25)(6.63 X loe6) 
( 2  ) ( O  -26) (2 .54 1 Z(0.26 - - (1.4)(6.63 X + R7 - 1 / )  

= 22.1 X + 9.2 X 

= 31 X ohm 

% = Resistivity of spherical socket in inner ring 

GOLD 
21 (e) 0 - 5  

Socket contact area 

2 n ~ ( ~  --/G: - R + 

and - lJz-i7- 
r2 - :. A, = 2x R(2a + b )  

= 2 n(0.23) [(2)(0.02) + 0.1531 , 

= 0.28 in 2 

a = 0.235sin 5" = 0.02 
b = 0.153 



2)  (2.54) = 1.5 X ohm 2.2 x RB = 

% = Tota l  connector b o l t  res is tance 

Where 

RS = Resistance o f  shank o f  b o l t  

RT = Resistance o f  thread o f  b o l t  

A1 so 
- PTC LS 

RS - A, 
J 

Where 

Ls = Length o f  unthreaded shank length 

AS = Area o f  shank 

* DS 
=4 

DS Diameter o f  shank = 0.312 i n .  

Rs/ i n= ~ , 1 ~ 1 ~ ~ ~ ~ )  = 9.6 X ohm/in (Tel lur ium Copper) 

Where 

LT = E f f e c t i v e  length o f  thread ( t o  cen t ro id )  

= 0.25 i n  

AT = Area o f  thread a t  minor diameter, DT 

8-7 



= ,+ (0.261 )2 

2 = 0.053 in 

And 

And 

= (0.81 - 0.77)(9.6 X + 3.5 X = 3.9 X ohm 
DN 1 

= (2.58 - 0.77)(9.6 X + 3.5 X lom6 = 21 X ohm "J 
DN4 

R10 = R1 = 1.8 X ohm 

RS = Total system resistance (bohm)  

10 
= R, + R2 + R3 + R4 + R5 + R6 + R, + R8 + Rg + R 

= 1.8 + 0 + 35 + 3 + 126 + 3 + 31 + 1.5 + (4 to 21) + 1.8 

= 207 CI ohm t o  224 p ohm 

I 
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APPENDIX C 

DIAPHRAGM DESIGN 

Assume a fixed/fixed diaphragm with outer radius Itall and inner radius 'Ib'I. 
The axial deflection, y, is: 

(Ref 9) 

where : 
W = Axial (central) force 
E = Material elastic modulus 

. t = Diaphragm thickness 
1 m = -  
V 

v =  
a =  
b =  
m =  

E =  
t =  
K '  = 

Poissons ratio 
3.15 in 
2.625 in 

7 7 3  
30 X lo6 LB/IN2 (17-4PH) 
0.012 in 
Axial compliance 

= 3.3 

ii 
- - (3) C(3.3I2 - 11 [(3.1512 - (2.625)2 - 
4n (3.3)2(30 X 106)(0.012) 

(4 ) (3.15 )' (2.625 )' (Ln 3.15 ) '1 
(3.15)2 - (2.625)' 

= 4..18 X c9.9225 - 6.8906 - (90.2035)(0.03324g 
= 1.40 x INILB 

3 7.16 X 10 LB/IN 

2b2 
PO = 2 z  a2 - b2 

(Ref 9) 



~ 

-2 - 

- 2 (2.625 )2 - 
27qo .012 )' (3.15)' - (2.625)2 

J W  = I O  Lb 

= 5,679 L B / I N ~  

(Ref 9 )  

1 
2 (3.15)* 
(3.15)2 - (2.625)' 

- - (3 1 (10 1 
27T(0.012)' 

\ W  = 10 LB 
= -6411 LB/IN2 

Le t  t = 0.008 i n  

& K = 2,116 LB/IN 

Max stress i s  a t  h o l e :  
2 

P I  1 = (sg) (6411) = 14,425 LB/IN2 

] W . =  10 LB 

If y = 0.010 I N  k0.002 

Min W = (2116)(0.008) = 17 LB 

Min e,  = l7 (14,425) = 24.5 K LB/IN2 
& 

& 
Max W = (2116)(0.012) = 25.4 LB 

& 
Max PI = 25*4  (14,425) = 36.6K LB/IN2 



, 

. 

APPENDIX D 

HIGH POWER ROLL RING 
SINGLE CIRCUIT HEAT 

TRANSFER OPTIMIZATION 
TEST PROCEDURE 5240-080741 

I 



SINGLE CIRCUIT TEST 

Objec t ive  - The o b j e c t i v e  of t h i s  se t  of tests is t o  provide  a c t u a l  
thermal  mapping of key areas of t h e  h i g h  power r o l l  r i n g  module r e s u l t i n g  
from self h e a t i n g  e f f e c t s  w h i l e  conduct ing 150 amp and t o  select a n  optimum 
h e a t  t r a n s f e r  shim t h i c k n e s s  and i n t e r f a c e  c o n f i g u r a t i o n .  

Disassemble test s e t - u p  on Turbo Pump basep la t e .  

Seal-off vacuum t h r o a t  w i t h  p l a t e  and "DUC Seal". 

Loca te  area on base p l a t e  which p rov ides  100% area c o n t a c t  w i t h  
Base PN 072041 and d r i l l  and t a p  t h r e e  3/8-24UNF-2B 0.50 deep h o l e s  
on 6.250 d i a  circle. (These h o l e s  would be 5.413 inches  a p a r t ) .  
Chamfer l e a d i n g  edge of th readed  h o l e s  t o  a s s u r e  t h a t  no 
p r o t r u s i o n s  e x i s t .  Remove seal. 

Secure Base t o  base  p l a t e  w i t h  t h r e e  3/8 - 24 cap screws 3 inches  
long. Apply t h i n  f i l m  of Andok "C" g r e a s e  t o  i n t e r f a c e  p r i o r  t o  
a t tachment .  

Assemble s i n g l e  c i r c u i t  High Power R o l l  Ring (HPRR) module w i t h  
bea r ings  l i g h t l y  preloaded.  Use s p e c i a l  Inne r  Housing PN 
5240-050341 and Clamping Plate  PN 5240-050342 f o r  t h i s  u n i t .  
R o l l e r  Guide PN 5240-050447 and Housings PN 5240452445 and 
5240-050341 are t o  be un-coated. 

A t t ach  thermocouples t o  module components as shown i n  F igu re  1 
l o c a t i o n s  A-K u s ing  Bacon Labs LCA-4 adhes ive .  C l a r i f i c a t i o n  of 
t h e s e  l o c a t i o n s  is as fo l lows :  

Loca t ion  Desc r ip t ion  

A I n n e r  Housing w a l l  
c e n t e r e d  on r i n g  a d j a c e n t  
t o  o t h e r  thermocouples 

B 

C 

D 

E 

Outer s u r f a c e  of Spr ing  
PN 5240-051041-2 on 
inboard  convo lu t ion  

I n n e r  s u r f a c e  of Spr ing  
on outboard convo lu t ion  

On w a l l  of 0.437 d i a  h o l e  
i n  Ring PN 5240411842A 

On 1D of F lexure  PN 5240- 
011843 a t  c e n t e r  of I d l e r  
and I n n e r  Ring c o n t a c t  span 

Lead Dress ing  

Out bottom thru slot 
in base 

Qut t o p  t h r u  h o l e  i n  
P l a t e  PN 5240450342 

On t o p  through h o l e  
i n  p l a t e  

Ou t  t o p  t h r u  h o l e  in 
Barrier PN 5240-050446 
and Guide PN 5240- 
050447 

Out t o p  t h r u  h o l e  i n  
Guide and under  Barrier 

Header 
Pins - 
Al,2 

A3,4 

A7,8 

B1,2 



On t a b  of Outer Ring 
PN 5240-011841 on o f f s e t  
s i d e  j u s t  o u t s i d e  s p r i n g  OD 

Outer  s u r f a c e  of s p r i n g  
PN 5240-051041-1 on 
inboard convolu t ion  

Inboard s u r f a c e  of s p r i n g  
on outboard Convolution 

Outer  Housing w a l l  c en te red  
on r i n g  a d j a c e n t  t o  o t h e r  
thermocouples 

I n n e r  Housing lower c a v i t y  
a d j a c e n t  t o  upper  bea r ing  

Bearing hub OD of Bearing 
Housing PN 5240-050744 

NOTE: At tach c o p p e r  t o  "odd" 

Out windows i n  Housing 
and I n s u l a t i o n  PN 5240- 
050843 

Out windows i n  Housing 
and I n s u l a t o r  

Out windows i n  Housing 
and i n s u l a t o r  

(none r e q u i r e d )  

Out bottom t h r u  s l o t  i n  
Base 

Out bottom t h r u  s l o t  I n  
bas e 

numbered p i n s .  

Mount assembly t o  Base w i t h  twelve 10-32 cap screws 1 1 / 4  
long. 

B3,4 

B5,6 

B7,8 

c1 ,2  

c 3 , 4  

C5,6 

inches  

Cons t ruc t  two c a b l e s  of a p p r o p r i a t e  l e n g t h  per Cable Assembly PN 
072441-X except  one end t o  t e rmina te  i n t o  s o l d e r e d  f l a t  connec tor  
c a p a t i b l e  w i t h  feed-throughs i n  vacuum p l a t e .  

A t t ach  c a b l e s  t o  Contact  Cones PN 5240-050741 and f eed  t h r u  and 
connect  thermocouple l e a d s  t o  headek i n  basep la t e .  (Re fe r  t o  
paragraph  6 )  

Attach  two f 2 2  AWG l e a d  wires on each power c a b l e  t o  header  p i n s  
D1 - D4 in base p l a t e .  

Make e x t e r n a l  connec t ions  t o  r e s i s t i v e  load  and h i g h  c u r r e n t  power 
supply.  connect  thermocouple l e a d - w i r e s  t o  A-K p a i r s  ma in ta in ing  
copper-copper and Constant ine-consta  t i n e  matching. (Refer t o  
paragraph  f )  

Mount b e l l - j a r  and pump down system t o  Torr .  (Mechanical pump 

? 

on ly  1 

Power-up system and measure s t e a d y  s t a t e  tempera ture  a t  p o i n t s  A-K 
a t  150 Ampere r e f e r e n c e  c u r r e n t .  Main ta in  t h e  c u r r e n t  throughout  
t h e  t es t  by a d j u s t i n g  t h e  power supply  v o l t a g e  as t h e  u n i t  h e a t s  up 
and t h e  r e s i s t a n c e  i n c r e a s e s .  Temperature r ead ings  are t o  be t aken  - 
a t  15 minute i n t e r v a l s  over  t h e  f i r s t  60 minutes of t es t  and a t  30 
minute i n t e r v a l s  t h e r e a f t e r .  The r e f r i g e r a t i o n  c y c l e  of t h e  Turbo 
Pump is  t o  be ope ra t ed  du r ing  t h e s e  tests t o  main ta in  t h e  Vacuum 
Base a t  room temperature .  Th i s  t e s t  s t e p  w i l l  r e q u i r e  an 8 hour  
t i m e  per iod .  



n) Measure the voltage drop across the terminal cones using cable lead 
wire connections. Calculate the resistance of the circuit by 
dividing the instantaneous voltage drop by the associated current. 

0 )  Repeat steps "m" and 'hfr for various Shim thicknesses, two and 
three parallel Wave Springs PN 5240-051041-1 and -2, Insulator PN 
5240-050843 with external pores sealed with materials such as 
Vacuum Grease, Torr Seal epoxy and copper plating and segmented 
shims (one per Spring convolution). 4 

p) Select the configuration which results in a minimum temperature of 
the highest temperature component. (Usually the Flexure PN 5240- 
01 1843) 
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CABLE ASSEMBLY DETAILS 

PN 5240472441-X 
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APPENDIX F 

BEARING PRELOAD PROCEDURE 

5240-080841 



BEARING PRELOADING 

Th i s  procedure  p rov ides  a means of e s t a b l i s h i n g  a p rope r  b e a r i n g  a x i a l  
p re load .  The f i n a l  assembly w i l l  p rovide  a r i g i d  "DB" pre load  arrangement 
w i t h  a 0.010 M.002 i nch  ax ia l  d e f l e c t i o n .  This  c o r r e l a t e s  w i t h  a 
t h e o r e t i c a l  axiai p re load  of 21 - +5 pounds. 

a)  Mount a Kaydon KB45 "Real i -S l im"  bea r ing  i n t o  t h e  S t a t o r  Housing PN 
5240-050343 bore  w i t h  t h e  p re load  shou lde r  on t h e  o u t e r  race l o c a t e d  
away from t h e  Housing conductor  cav i ty .  

b )  Secure t h e  Kaydon KB45 bea r ing  i n  t h e  Housing by t h r e a d i n g  a 
Bear ing  Outer Nut PN 5240-050749 ( r e l i e v e d  f a c e  away from b e a r i n g )  i n t o  
engagement w i t h  t h e  b e a r i n g  f ace .  Torque t o  50 inch  pounds u s i n g  a 
5.094 i n c h  spanner  w i t h  0.125 i nch  d iameter  p ins .  

c )  Mount ano the r  Kaydon KB45 bea r ing  i n t o  t h e  Bearing Housing PN 
5240-050744 w i t h  t h e  p re load  shou lde r  on the  o u t e r  r a c e  l o c a t e d  a d j a c e n t  t o  
t h e  diaphragm. 

d )  Secure t h e  Kaydon KB45 bea r ing  i n  t h e  Housing by t h r e a d i n g  a 
Bearing Outer  Nut PN 5240-050749 ( r e l i e v e d  f a c e  away from bea r ing )  i n t o  
engagement w i t h  t h e  bea r ing  f ace .  Torque t o  50 inch  pounds u s i n g  a 
5.094 i nch  spanner  wi th  0.125 i nch  d iameter  p ins .  

e )  P o s i t i o n  a Bearing Spacer  PN 52404350747 i n t o  t h e  c a v i t y  a d j a c e n t  
t o  t h e  p r e v i o u s l y  i n s t a l l e d  bear ing .  

f )  F i t  t h e  l a t t e r  Bearing/Housing subassembly i n t o  t h e  S t a t o r  Housing 
PN 5240-050343 and s e c u r e  w i t h  8 number 6-32 Al len  head cap screws 
( s a f e t y  w i r e  t y p e )  0.375 i nches  long. Do no t  t i g h t e n  screws a t  t h i s  
t i m e .  

g )  Mount t h e  body of an i n d i c a t o r  on t h e  S t a t o r  Housing PN 
5240-050343 and p o s i t i o n  t h e  s t y l l u s  a g a i n s t  t h e  outboard s u r f a c e  of 
the Bearing Housing PN 5240-050744 ad jacen t  t o  t h e  nu t .  

h )  I n s e r t  t h e  b e a r i n g  t runn ion  of t h e  Rotor  Housing PN 5240-052445 
i n t o  t h e  b e a r i n g  bo res  from t h e  conductor  c a v i t y  s i d e  of t h e  Housing 
Subassembly. It w i l l  be  necessa ry  t o  p o s i t i o n  t h e  Bearing Spacer  PN 
5240-050747 t o  f a c i l i t a t e  t h i s  ope ra t ion .  

i) Mount a Bearing I n n e r  R e t a i n e r  PN 5240-050748 i n t o  t h e  outboard  end 
of t h e  t r u n n i o n  of t h e  Rotor  Housing PN 5240-052445 u s i n g  8 number 6-32 
A l l e n  head cap screws ( s a f e t y  w i r e  t y p e )  0.375 i nches  long. T igh ten  
screws s e q u e n t i a l l y  a l t e r n a t i n g  a c r o s s  t h e  d iameter  such t h a t  t h e  
diaphragm of t h e  Bearing Housing PN 5240-050744 is g r a d u a l l y  p re loaded  
as i n d i c a t e d  by t h e  p o s i t i o n  i n d i c a t o r  i p s t a l l e d  i n  s t e p  "g". The 
p rope r  d e f l e c t i o n  is a 0.010 +0.002 i nch  axial  d i s t o r t i o n  of t h e  
diaphragm when t h e  6-32 screws have been torqued  t o  20 inch  pounds. I f  
t h e  d e f l e c t i o n  of t h e  diaphragm is less than  0.008 i n c h e s ,  l a p  t h e  



axial dimension of the Bearing Spacer PN 5240-050747 an amount equal to 
80 percent of the difference between the indicator reading and 0.010 
inches. The total variation of the Spacer width should not exceed 
0.0002 inches. Record the final diaphragm deflection. 
NOTE: Thoroughly wash the Spacer after each lapping operation prior to 
re-assembling. 

j) Secure the 8 number 6-32 screws retaining the Bearing Housing PN 
5240-050744 to the Stator Housing PN 5240-050343 by torquing t o  20 inch 
pounds . 

. 



APPENDIX G 

RING SET ASSEMBLY PROCEDURE 

5240-021851 



NOTE: The Ring must be p rope r ly  cen te red  r a d i a l l y  i n  o r d e r  t h a t  t h e  
I n s u l a t o r  can be f u l l y  sea t ed .  

k) I n s e r t  t h e  proper  Connecting Bol t  PN 5240-050448 through t h e  h o l e  
provided i n  t h e  I n n e r  Ring i n t o  f i r m  engagement w i t h  t h e  s p h e r i c a l  seat 
i n  t h e  Ring. 

1) Invert  assembly, i n s e r t  t h e  proper  I n s u l a t o r  Tube PN 5240-021351-X 1 

over  t h e  B o l t ,  assemble t h e  Housing I n s u l a t o r  PN 5240-050743 over  t h e  
Bo l t  and i n t o  t h e  Housing c a v i t y  and t h r e a d  a Terminal Cone PN 
5240-050741 onto  t h e  Bo l t  PN 5240-050448. Secure t h e  Cone t o  a to rque  
of 50 i nch  pounds. Lock t h e  Cone on to  t h e  Bol t  w i t h  a 0.312 - 24UNF 
X.375 set  screw. 

m) Lock t h e  Bo l t  i n t o  t h e  Ring by th read ing  a Nut PN 5240-050449 i n t o  
t h e  threaded  c a v i t y  of t h e  Ring t o  a 50 inch  pound torque.  

n) Care fu l ly  i n s e r t  10 Flexures PN 5240-010951 and 10 Idlers PN 5240- 
011841 i n t o  t h e  annulus  space  between t h e  two Ring grooves.  The 
Flexures  should be spread  wi th  a p a i r  of Tef lon  o r  Nylon rods  a t  
i n s e r t i o n  t o  a l low t h e i r  c l e a r i n g  the  Ring shoulders .  The circum- 
f e r e n t i a l  c l e a r a n c e  between t h e  F lexures  should  be taken  up as each 
F l e x u r e / I d l e r  p a i r  i s  i n s e r t e d  such t h a t  t h e r e  i s  adequate  space  t o  
i n s e r t  t h e  t e n t h  pair .  

0 )  S l i d e  a R o l l e r  Guide PN 5240-050447 ( c a v i t y  down) over  t h e  
I n s u l a t o r  Spacer  PN 5240-050445 and f i r m l y  a g a i n s t  t h e  Inne r  Ring PN 
5240-011842 by r o t a t i n g  t h e  Inne r  Housing assembly whi le  main ta in ing  
l i g h t  p r e s s u r e  on t h e  Guide. The 10 I d l e r s  w i l l  be heard t o  snap i n t o  
p lace .  

p )  Repeat  s t e p s  "a" through "0" f o r  each of t h e  consecut ive  S/N 2 
through S/N 8 c i r c u i t  sets. It w i l l  be necessa ry  t o  use  g r e a t e r  a x i a l  
hold-down f o r c e s  as t he  number of c i r c u i t s  i n c r e a s e s  i n  o rde r  t o  
o b t a i n  c o n s i s t e n t  readings .  Note t h a t  t he  Bo l t s  PN 5240-050448 r e v e r s e  
t h e i r  o r i e n t a t i o n  a t  c i r c u i t  number 5 ,  end t h a t  a s o l i d  Barrier PN 
5240- 021352 is  used between c i r c u i t s  4 and 5 .  



RING SET ASSEMBLY 

This  procedure is r e q u i r e d  t o  e s t a b l i s h  t h e  p rope r  Ring t o  Ring ax ia l  
al ignment  and t o  a s s u r e  t h a t  t h e  r a d i a l  run-out is accep tab le .  

a )  I n s e r t  a Barrier PN 5240-050446 i n t o  t h e  Housing c a v i t y  and i n t o  
p rope r  angu la r  o r i e n t a t i o n  wi th  t h e  t e r m i n a l  ho le s .  

b)  I n s e r t  an Outer Ring PN 5240-011841, S / N  1 ,  i n t o  t h e  c a v i t y  of t h e  
Outer  Ring I n s u l a t o r  PN 5240-050843. Both t h e  I n s u l a t o r  and t h e  Ring 
t a b s  should  be up. 

c )  Fold t h e  s p l i t  ends of t h e  Outer Ring I n s u l a t o r  PN 5240-050843 as 
r e q u i r e d ,  i n s e r t  i n t o  t h e  lowes t  window of t h e  S t a t o r  Housing PN 
5240-050343 and a s s u r e  f i r m  s e a t i n g  a g a i n s t  t h e  shoulder .  

d )  S l i d e  a s p l i t  I n s u l a t o r  Spacer PN 5240-050445, a shim PN 5240- 
102941-1 and a wave s p r i n g  PN 5240-051041-2 i n t o  t h e  c a v i t y  of t h e  
I n n e r  Ring PN 5240-011842, and p o s i t i o n  f i r m l y  a g a i n s t  t h e  seat i n  t h e  
Ring . 
e)  S l i d e  a R o l l e r  Guide PN 5240-050447 ( c a v i t y  up)  over  t h e  I n s u l a t o r  
Spacer  PN 5240-050445 and f i r m l y  a g a i n s t  t h e  I n s u l a t o r  Barrier PN 
5240-050446. 

f) S l i d e  Inner Ring PN 5240-011842, S/N 1 ,  (counter-bore down) over  
t h e  I n s u l a t o r  Spacer  PN 5240-050445 and f i r m l y  a g a i n s t  t h e  R o l l e r  Guide 
PN 5240-050447. Rota te  t h e  Ring i n t o  p rope r  a n g u l a r  a l ignment  w i t h  t h e  
th readed  socke t  h o l e  and t h e  des igna ted  t e r m i n a l  hole .  

g )  Determine t h e  a x i a l  a l ignment  of t h e  I n n e r  Ring PN 5240-011842 by 
measuring t h e  v e r t i c a l  p o s i t i o n  r e l a t i v e  t o  t h e  Outer Ring PN 5240- 
011841 i n  f o u r  l o c a t i o n s  on each  r i n g  a d j a c e n t  t o  t h e  r i n g  grooves.  
The r i n g s  a r e  p rope r ly  a l i g n e d  when the  s u r f a c e  of t h e  Inne r  i s  0.046 
i nches  +.005 above t h e  s u r f a c e  of the  Outer. The a x i a l  T I R  of t h e  
Inne r  sxall be <0.008 inches .  I f  t h e  r e l a t i v e  a x i a l  p o s i t i o n  i f  
g r e a t e r  t h a n  0.050 inches  c o r r e c t  by adding a p p r o p r i a t e  shims below t h e  
Outer  Ring. I f  t h e  r e l a t i v e  a x i a l  p o s i t i o n  is less than  0.041 i n c h e s  
c o r r e c t  by adding a p p r o p r i a t e  shims below t h e  I n n e r  Ring. Record a l l  
f i n a l  measurements. The read ings  are t o  t aken  as i n c r e a s i n g  from t h e  
t o p  of t h e  Outer Housing which e s t a b i l i s h e s  t h e  "zero" p o s i t i o n .  

NOTE: Assure t h a t  t h e  components are h e l d  down s e c u r e l y  d u r i n g  t h e s e  
and fo l lowing  measurements. 

h )  Insert t h e  Shim PN 5240-102941-2 i n t o  t h e  c a v i t y  between t h e  Outer 
Ring PN 5240-011841 and t h e  Outer I n s u l a t o r  PN 5240-050843. 

&) Thread i n  t h e  Wave Spr ing  PN 5240-051041-1 i n t o  t h e  c a v i t y  between 
t h e  Outer Ring and t h e  Shim. 

j )  I n s e r t  t h e  Outer Cap I n s u l a t o r  PN 5240-050844 (notch  down) i n t o  t h e  
S t a t o r  Housing PN 5240-050343 and i n t o  f i r m  engagement w i t h  t h e  Outer  
Ring PN 5240-011841. c- ' 
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ENGINEERING BULLETIN 

Engineering bulletin for the Set Up and Test of High Power Roll Ring 
Evaluation Unit Part No. 5240-010151. 

1. SCOPE 

This engineering bulletin identifies the instrumentation, procedures 
and precautions necessary for setting up the High Power Roll Ring Evalu- 
ation Unit (EU), Part Number 5240-010151 for test on the related Test 

I Fixture (TF), Part Number 5240-010152 and for execution of these tests. 

I 2. 

I 3. 

APPLICABLE DOCUMENTS 

ITEM NUMBER 

High Power R o l l  Ring Evaluation Unit 

Evaluation Unit Test Fixture 

Cable Assembly 

APPLICABLE EQUIPMENT 

Vacuum Roughing Pump 

Ionization Gage Control 

Vacuum Gauge Control 

Mechanical T r a p  

Temperature Sensor 

Current Meter 

Mi 11 iohmme t e r 

High Voltage Ohmmeter 

I 

5240-010151 

5 240-0 10 15 2 

5 2 40-0 72 44 1-xx 

PART NUMBER 

Welch Model No. 1397 
or equivalent 

Veeco, Model RG-830 
or equivalent 

Veeco Model TG-70 
or equivalent 

Perkin Elmer Model 
No. 231-1622 or 
equivalent 

Minimite Thermo 
electric or equivalent 

F.W. Bell Model 
CGlOOD or equivalent 

Hewlett Packard Model 
43286 or equivalent 

Freed Transformer CQ. 
Megohmmeter Model 1620C 
or equivalent 



4. PREPARATION OF TEST FIXTURE PN 5240-010152 

, 

The following auxiliary equipment is required to support this 
procedure. 

4.1 Vacuum System - A mechanical roughing pump such as Welch Model No. 
1397 is required along with a suitable flexible vacuum line. The 
attachment at the Test Fixture (TF) is a 1 1 /2  inch copper line. If a 
vacuum of <0.5 milli Torr is desired for a test duration of greater 
than 50 hours a suitable additional pumping system is required between 
the TF and the roughing pump. The use of a mechanical trap such as 
Perkin Elmer Model 231-1622 between the TF and the pumping system is 
also recommended. The TF is equipped with a standard ionization gage 
and a thermocouple gage to facilitate the pressure monitoring. 
Monitoring equipment such as Veeco Models RG-830 and TG-70 may be used. 

4.2 Purging System - Although not essential it is preferred to back 
fill the vacuum s y s t e m  with an inert gas such as dry N2 prior to 
opening the chamber for any reason. To accomplish this back-filling 
process a dry N tank, regulator and suitable set of adapters and 
purging line is required. The attachment at the TF is a 1/2 inch 
copper line. 

2 

4.3 Base Plate Control System - Since most testing of the EU will be 
accomplished with the TF set up on a poor heat sink, (such as a Formica 
bench top), it is necessary to provide a source of heat extraction from 
the TF Base Plate. To accomplish this temperature control, a suitable 
heat extraction medium is required such as LN or chilled water. This 
medium is to be connected to the two male 174 inch NPT fittings pro- 
vided on the TF. Two fittings are provided such that a closed chilled 
water system may be incorporated with the TF or, in the case of LN2 
use, one fitting will accomodate the supply while the other can be 
connected to a short vent line. A copper/constantan on thermocouple is 
attached to the heat exchange mainfold on the TF to provide for a 
monitor of the Base Plate temperature. A temperature sensor such as a 
Minimite Thermo Electric is required to translate the thermocouple 
signal . 
4.4 Control Panel - The TF is provided with an integral stepper drive 
motor and supply and a control panel for this and other functions. 
This panel has a power on switch which controls the 115 volt/60 Hz line 
power to the motor electronics. The EU drive direction control switch 
is labeled CW/CCW for clockwise and counterclockwise EU drive respect- 
tively, as viewed from above the EU. The drive speed is selectable 
with another switch labeled "High" for a 5 rev/min drive rate and "LO" 
for a 360 degree/90 min rotational rate. This switch also has a center 
position which provides for alternate speeds by inserting a selected 
resistor mounted onto a standard General Radio double male plug into 
the sockets provided to the right of the speed select switch on the 
control panel. The relationship of this resistance to drive speed is 
as shown in Figure 1. 

-2- 

?- -3 



. 
1 o o  

1 o o  

1 o - 2  

S T E P P E R  M O T i R  D R I V E  S P E E D  C O N T R O L  

. , - 3  

R E S I S T A N C E  ( O H M S )  

3 

1 o 6  

Figure  1 



5. INTEGRATION OF EU WITH TF 

This procedure covers t h e  i n t e g r a t i o n  of t h e  EU wi th  t h e  TF and 
connection of t h e  system t o  t h e  e x t e r n a l  power supply and r e s i s t i v e  loads  
f o r  test. Cables PN 5240472441-XX are used t o  provide t h e  var ious  i n t e r -  
connects and EU t o  TF connections. Cables between t h e  TF and t h e  supply 
and t h e  r e s i s t i v e  load may be made up of 1/0 o r  l a r g e r  welding cab le  and 
conventional spade l u g  f l t t i n g s .  The a c t u a l  cab le  connections are d i s -  
cussed i n  Sec t ion  6.1 t o  follow. 

The TF Base P l a t e  feedthrough te rmina ls  marked "P +Ir and I'PS-I1 are t o  
be connected t o  the  power supply and the  two marked "R are t o  be connected 
t o  the  r e s i s t i v e  load except when only 2 c i rcui ts  are being t e s t e d .  I n  
t h i s  event only the  'IPS+'' and "P - I 1  feedthrough t e rmina l s  are used. 

It should be noted he re  t h a t  only even numbers of c i r c u i t s  can be 
evaluated s i n c e  connections between the  EU and t h e  TF are not poss ib l e  when 
odd numbered groups of c i r cu i t s  are used. 

I$ 

S 

Reference should be made t o  TF Assembly Drawing P a r t  Number 5240-010152 
during p repa ra t ion  f o r ,  and execution o f ,  t e s t i n g  of t h e  EU. This  document 
conta ins  TF assembly information. 

If t h e  EU has been disassembled from the  TF f o r  any reason, i t  should 
be reassembled pe r  t he  d e t a i l s  given In document 5240-010152. The base PN 
072041 is mounted t o  the  Base Plate  PN 072444 and t h e  EU is  mounted t o  t h e  
Base pe r  s h e e t  1 of t h e  document 5240-010152. Care should be exe rc i sed  
during t h i s  assembly t o  a s s u r e  t h a t  t h e  two i n t e r f a c e s  between these  two 
components are c l ean  and f ree  of bur rs  and p ro t rus ions  s i n c e  a l l  of t h e  
hea t  generated i n  the  EU is conducted through these  i n t e r f a c e s  and r e l a t e d  
components. The cab le s  PN 072441-X are a t tached  t o  t h e  EU and between t h e  
EU and t h e  TF p e r  shee t  3 of 5240-010152. Note t h a t  t h e  in te rconnec t ions  
shown on s h e e t  3 are f o r  a f u l l  8 c i r c u i t  test  only. Other tes t  arrange- 
ments a r e  connected as discussed i n  s e c t i o n  6.1. The mechanical d r i v e  
conf igu ra t ion  i s  as shown on shee t  7 of 5240-010152., Care should be taken 
t o  assure t h a t  t h e  couplings are properly meshed without binding dur ing  
d r i v e  reassembly . 
6. TEST PROCEDURE 

This  procedure e s t a b l i s h e s  gene ra l  test conf igura t ions  and procedures 
f o r  each of t h r e e  tes t  p r o f i l e s .  It does not provide a d e t a i l e d  overview 
of t h e  many v a r i a t i o n s  of test  p r o f i l e s  whlch are po'ssible wi th  t h e  EU and 
t h e  TF. 

6.1 High Current Tes t s  

a. Se t -up  

After assembling t h e  EU onto  the  TF as descr ibed  i n  the  previous 
s e c t i o n ,  t h e  in te rconnec t  cab le s  may be connected i n  a v a r i e t y  of ways 
t o  accomodate t h e  number of c i r c u i t s  ig  test. The inventory of cab le s  
suppl ied  w i t h  t h e  TF provide f o r  maximum f l e x i b i l i t y  i n  t h i s  regard. 
When only two c i r c u i t s  are t o  be t e s t e d  one te rmina l  of t h e  r e s i s t i v e  

-4- 



load must be connected t o  t h e  power supply d i r e c t l y  and t h e  remaining 
two te rmina ls  on t h e  supply and the  load may be connected t o  t h e  EU 
through two of t he  feedthroughs. When fou r  o r  more c i r c u i t s  are t o  be 
t e s t e d  t h e  r e s i s t i v e  load may be loca ted  anywhere along t h e  s e r i e s  
s t r i n g  of c i r c u i t s .  The l o c a t i o n  of t he  load r e s i s t a n c e  i s  no t  import- 
a n t  when conducting high c u r r e n t ,  low vol tage  tests. Figure 2 i s  an 
e lectr ical  schematic of one of many poss ib l e  cabe l ing  conf igu ra t ions  
f o r  an e i g h t  c u r c u i t  test. 

The Locking Q u i l l s  on the  cab le s  should be torqued by hand t o  a " f inger  
t i g h t "  condi t ion  only o r  a torque value of approximately 10 inch 
pounds. Af t e r  Securing the  cable  the  assembly should be checked wi th  a 
revers ing  r a d i a l  fo rce  t o  a s su re  t h a t  the  i n t e r f a c e  is  t i g h t .  

CAUTION: The cables, EU and vacuum chamber TF compo- 
nen t s  should be handled with nylon gloves o r  f i n g e r  cots 
and not w i th  unprotected f ingers .  This w i l l  minimize 
t h e  in t roduc t ion  of body o i l s  and o t h e r  organic  contam- 
i n a n t s  t o  t h e  vacuum chamber. A l l  t o o l s  uaed on t h e  EU 
and TF must be c l ean  and f r e e  of organic  contaminents. 

P l ie rs  o r  o t h e r  tools should not be used on t h e  Cable te rmina t ions  as 
t h e  connections are designed t o  not r equ i r e  l a r g e  clamping torques. 
The Boots on the  cab le s  should be pushed back away from t h e  Locking 
Q u i l l s  from the  o u t e r  end of the  cable  s o  a s  t o  not over stress t h e  
Boot r e s u l t i n g  i n  a tear crack. Af te r  t he  connection has been made and 
t h e  Locking Q u i l l  i s  t i g h t  t he  Boot may be pushed back i n t o  p o s i t i o n  
from t h e  flanged end of the  Boot. 

- The cab le s  provided w i t h  t h e  TF include some wi th  monitoring lead  wires  
a t tached  t o  one end. These cables  a r e  designated with double d i g i t  
dash numbers. Since a l l  connections a r e  r e v e r s i b l e  and interchange- 
a b l e ,  they may be connected with the monitor leads  loca ted  a t  almost 
any  des i r ed  terminal. 

When t h e  r e s i s t a n c e  under load is  des i r ed  f o r  any c i r c u i t  p a i r  t h e  
monitor l eads  must be loca t ed  a t  EU terminals of t h a t  p a i r .  The o t h e r  
end of t hese  l eads  may be so ldered  t o  any p a i r  of p ins  on t h e  monitor 
connector FT2. The vol tage  measured on these  monitor l eads  whi le  t h e  
c i r c u i t  p a i r  is  under c u r r e n t  r ep resen t s  t h e  vol tage  drop ac ross  t h e  

( p a i r  and t h e  in te rconnec t ing  cable  on t h e  r o t a t i n g  s i d e  of t h e  EU. An 
average c i r c u i t  r e s i s t a n c e  may be derived by d iv id ing  t h e  measured 
vol tage  drop by t h e  c u r r e n t ,  s u b t r a c t i n g  t h e  in te rconnec t  cab le  resis- 
tance and d iv id ing  t h e  remainder by two. Table I provides t h e  requi red  
information on t h e  cables  t o  make t h i s  determination. 

-5 - 
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CABLE 
DASH NUMBER 

1 
2 
3 

11 
22 
33 

LENGTH 
( Inches  ) 

6 
8 

10 
6 
8 

10 

RESISTANCE 
(Mil l iohms) 

0.07 
0.09 
0.11 
0.07 
0.09 
0.11 

CABLE PN 5240472441-XX RESISTANCE 
TABLE I 

A similar vo l t age  drop under load  may be measured by l o c a t i n g  monitor  
l e a d s  a t  a l t e r n a t e  l o c a t i o n s .  The average  c i r c u i t  r e s i s t a n c e  may then  
be de r ived  by c a l c u l a t i n g  t h e  t o t a l  c i r c u i t  r e s i s t a n c e ,  s u b t r a c t i n g  t h e  
t o t a l  r e s i s t a n c e  of a l l  i n t e r m e d i a t e  c a b l e s  and d i v i d i n g  t h e  remainder 
by t h e  number of c i r c u i t s  between monitor p o i n t s .  

The a c t u a l  t e s t  c u r r e n t  i s  most convenient ly  measured by us ing  a 
p o r t a b l e  cu r ren t  s enso r  on any of t he  e x t e r n a l  TF cables. A s e n s o r  
such as F.W. Bel l  Model CG lOOD hand he ld  c u r r e n t  meter provides  a 
p r e c i s e  means of measuring t h i s  c u r r e n t  and a l s o  provides  a n  ou tpu t  
v o l t a g e  j a c k  such t h a t  a vo l t age  p r o p o r t i o n a l  t o  c u r r e n t  may be 
recorded  i f  des i r ed .  

I f  t empera ture  measurements are t o  be made d u r i n g  tes t  t h e  s e n s o r  l e a d s  
may be connected t o  t h e  monitor  connector  FT2. The mating o c t a l  con- 
n e c t o r  on t h e  FT2 i n t e r c o n n e c t o r  must be wired i n  a manner compat ib le  
w i t h  t h e  senso r  connec t ions  on t h e  vacuum s i d e  of t h e  TF. I f  copper/  
cons t an tan  thermocouples are used t o  monitor  t h e  tempera ture ,  s imilar 
l e a d  materials must be l o c a t e d  on both s i d e s  of t h e  j u n c t i o n s  s o  as t o  
minimize temperature  measurement e r r o r s .  These e r r o r s  are r e l a t e d  t o  
t h e  Baseplate and Feedthrough Terminal (FT2) tempera ture  and are a l s o  
minimized by main ta in ing  t h e  Baseplate a t  a g iven  r e f e r e n c e  tempera- 
t u r e .  

The s t e a d y - s t a t e  r e f e r e n c e  tempera ture  of a g iven  c l r c u l t  may be 
monitored by a t t a c h i n g  a tempera ture  s e n s o r  t o  t h e  Cable Coupling Nut 
of t h e  a p p r o p r i a t e  Cable Assembly P a r t  Number 5240472441-XX. The 
s e n s o r  may be i n s e r t e d  under  t h e  l i p  of t h e  Boot on t h i s  Cable Assembly 
and t h u s  h e l d  i n t o  c o n t a c t  w i t h  t h e  nut .  

If t h e  tempera ture  of a p o i n t  on t h e  r o t a t i n g  assembly i s  t o  be meas- 
ured  on approximation of t h e  tempera ture  may be made by a t t a c h i n g  a 
s u i t a b l e  tempera ture  s e n s o r  on t h e  l o c a t i o n  and b r ing ing  t n e  s i g n a l  o u t  
t o  t h e  s t a t i o n a r y  r eg ion  through two of t h e  vacant  power t r a n s f e r  
c i r c u i t s .  The l e a d  wire material should be matched a c r o s s  both s i d e s  
of each  of t h e  two r o l l  Ring c i r c u i t s  t o  minimize measurement e r r o r s  
a s s o c i a t e d  w i t h  tempera ture  d i f f e r a n c e s  i n  t h e  t r a n s f e r  c i r c u i t s .  
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b. Test - 
A f t e r  s e t t i n g  t h e  EU and TF up f o r  test t h e  test  chamber should be 
pumped down, f o r  a vacuum t e s t ,  i n  a conventional manner. A s c reen  
s h i e l d  should be placed around the  b e l l  j a r  dur ing  vacuum t e s t i n g  t o  
avoid t h e  p o s s i b i l i t y  of i n j u r y  should an implosion of t h e  j a r  occur. 
This could occur only i f  t h e  j a r  is s t r u c k  by an  o b j e c t  while under a 
p res su re  d i f f e r e n t i a l .  The thermocouple gage is  provided on t h e  test 
chamber t o  monitor t h e  abso lu te  pressure  i n  t h e  vacuum chamber u n t i l  
t h e  p re s su re  is  Torr (1 micron). A t  lower p re s su res  t h e  
i o n i z a t i o n  gage on t h e  TF should be used. It should be noted he re  t h a t  
a small amount of ou tgass ing  of the  EU cab le s  and o the r  organic  
m a t e r i a l  i n  t h e  tes t  chamber when the  u n i t  i s  under test  is  normal and 
w i l l  decrease  wi th  time. This outgassing material w i l l  r e s u l t  i n  an 
i n i t i a l  small abso lu t e  p re s su re  inc rease  which is  normal. 

Electrical power may be appl ied  t o  the  EU as a ramp o r  as a s t ep .  The 
EU need not be r o t a t i n g  when conducting cu r ren t .  It w i l l  be noted, 
however, t h a t  t h e  vol tage  drop ac ross  the  u n i t  w i l l  f l u c t u a t e  s l i g h t l y  
(about +2 percen t )  because of minute r e s i s t a n c e  changes while r o t a t i n g .  
The AC component of t h i s  vo l tage  drop r ep resen t s  t h e  resistance modu- 
l a t i o n  and the  mean component t h e  absolu te  c i r c u i t  res i s tance .  

Af t e r  a p p l i c a t i o n  of power t h e  base temperature must always be moni- 
t o red  t o  a s s u r e  t h e  unacceptable thermal excurs ions  do not occur. I f  
t h e  TF is  mounted on a poor hea t  t r a n s f e r  medium, such as a formica 
bench top ,  t h e  only s i g n i f i c a n t  mode of hea t  t r a n s f e r  w i l l  be by means 
of t he  hea t  exchanger b u i l t  i n t o  the  vacuum base of t he  TF. The 
thermal l a g  of t he  TF makes temperature c o n t r o l  of t h e  base d i f f i c u l t  
un le s s  a temperature c o n t r o l l e d  valve i s  used t o  g a t e  t h e  LN2 o r  
c h i l l e d  water hea t  exchange medium. 

The EU has a thermal time cons tan t  of approximately 30 minutes. The 
t o t a l  system should be a t  a thermal equi l ibr ium condi t ion  wi th in  one 
working day. 

6.2 HIGH VOLTAGE TESTS 

a. Se t -up  

L .  

The procedures defined i n  s e c t i o n  6 are a p p l i c a b l e  f o r  t h e  h igh  vol tage  
tests. The electrical  schematic shown i n  Figure 1 impoaes t h e  least 
probable case condi t ion  f o r  electrical  breakdown s i n c e  t h e  p o l a r i t y  
r eve r ses  between c i r c u i t s  1-4 and 5-8. A l t e r n a t e  conf igu ra t ions  are 
p o s s i b l e  as long as t h e  load  r e s i s t a n c e  is  loca ted  between a l l  c i r c u i t s  
s e l e c t e d  from t h e  1 through 4 group and those  i n  t h e  5 through 8 
group. The EU has been designed t o  accomodate t h e  h igh  vol tage  
s e p a r a t i o n  between these  two groups only. Note t h a t  t h e  electrical  
l o c a t i o n  o f -  t he  r e s i s t i v e  i load; effecfs t h e -  vol&age d i s t r i b u t i o n  
throughout t h e  EU. 

Care should be exerc ised  d res s ing ,  connecting and i n s u l a t i n g  t h e  
var ious  monitor l ead  wires so as t o  not impose a p o s s i b i l i t y  f o r  

-8- 



vo l t age  breakdown. The thermocouples should  be e l e c t r i c a l l y  i n s u l a t e d  
from t h e  t e rmina l s  o r  o t h e r  c u r r e n t  conduct ing  members of t h e  EU so  as 
t o  avoid  s h o r t i n g  ou t  t h e  h igh  vo l t age  w i t h  a tes t  ins t rument  e x t e r n a l  
t o  t h e  EU o r  TF. 

I t  is  probable  t h a t  a plasma w i l l  occur  between any two exposed c i r c u i t  
components, t e rmina t ions  o r  TF Base a t  v y t a g e  d i f f e r a y e s  exceeding  
250 v o l t s  i n  a p r e s s u r e  range  of 10 t o  10 microns (10- t o  1 mm Hq) 
which have even n e a r  l i n e  of s i g h t  o r i e n t a t i o n .  For t h i s  r eason  t h e  
I n s u l a t i n g  Boots must be f i r m l y  p res sed  i n t o  p o s i t i o n  p r i o r  t o  
conduct ing  any tes t .  Under no c i rcumstances  should  vo l t ages  excee i n g  
200 v o l t s  be a p p l i e d  i n  a p r e s s u r e  range of 1 t o  l o 4  microns (10 t o  
10 mm Hq). A l l  monitor  and thermocouple l e a d s  must be p r o p e r l y  
i n s u l a t e d  p r i o r  t o  app ly ing  t h e  h igh  vol tage .  

-4 

b. Test - 
For t es t  c u r r e n t s  o €  <50 amps i t  is p o s s i b l e  t h a t  no hea t  e x t r a c t i o n  
from t h e  TF base p l a t e  w i l l  be r equ i r ed  t o  main ta in  t h e  base  a t  a 
r e l a t i v e l y  c o n s t a n t  temperature .  

I n  t h e  i n t e r e s t  of pe r sonne l  s a f e l y  it  should  be obvious t h a t  tes t  
v o l t a g e s  as h igh  as 500 v o l t s  can be l e t h a l  and should be respected a t  
all times. I f  i n  doubt ,  "don't." It i s  recommended t h a t  a l l  t e s t  
in s t rumen t s  be connected t o  t h e  TF p r i o r  t o  a p p l i c a t i o n  of power. I f  
test  c u r r e n t s  exceed 5 amps a t  vo l t ages  as h i g h  a s  500 v o l t s  t h e  b e l l  
j a r  must be p r o t e c t e d  by a s u i t a b l e  metal s a f e t y  s h i e l d .  

A s  is t r u e  i n  any vacuum t e s t i n g ,  a s c r e e n  s h i e l d  should be p laced  
around t h e  b e l l  j a r  du r ing  vacuum t e s t i n g  t o  avoid  t h e  p o s s i b i l i t y  of 
i n j u r y  should  an Lrnplosion of t h e  j a r  occur.  This is e s p e c i a l l y  
impor tan t  when t e s t i n g  a t  h igh  vo l t age  s i n c e  a breakdown plasma 
developed i n  t h e  v i c i n i t y  of a feedthrough t e r m i n a l  can develop a r a p i d  
l e a k  and p o s s i b l e  implosion. 

An e x t e r n a l  d i e l e c t r i c  f a i l u r e  o r  breakdown o r  a p l a s m a  du r ing  h igh  
vo l t age  t e s t i n g  should be  v i s i b l e  'as a red t o  b lue  glow i n  t h e  v i c i n i t y  
of t h e  problem. An i n t e r n a l  ( o r  e x t e r n a l )  breakdown should be d e t e c t -  
a b l e  as a change ( i n c r e a s e )  of t h e  c u r r e n t  and v o l t a g e  drop  a c r o s s  t h e  
EU. The power supply  must be provided w i t h  a s u i t a b l e  a d j u s t a b l e  
c u r r e n t  s e n s o r  and v o l t a g e  breaker .  

P r i o r  t o  i n i t i a t i n g  t h e  h i g h  vo l t age  t e s t i n g  a high  v o l t a g e  ohmmeter 
such  as Freed Megohmmeter Model 1620C should  be connected between t h e  
TF Base and t h e  EU t o  a s s u r e  t h a t  t h e  d i e l e c t r i c  r e s i s t a n c e  i s  greater 
than  200 M ohms. The power supply  must be d isconnec ted  p r i o r  t o  making 
t h i s  test. This  test  should  be repea ted  a e r i o d i c a l l y  t o  v e r i f y  t h a t  
d i e l e c t r i c  deg rada t ion  has  n o t  occurred.  

When any h igh  vo l t age  test  is i n i t i a t e d  a f t e r  t h e  EU has  been exposed 
t o  a l a b o r a t o r y  ambient,  o r  a f t e r  any w i r i n g / c a b l i n g  mod i f i ca t ions  have 
been made, t h e  c u r r e n t  and v o l t a g e  should be inc reased  s lowly  t o  a l low 
o r g a n i c  contaminants  t o  be sublimed. Th i s  procedure  w i l l  minimize only  
tendancy t o  form plasma d i s c h a r g e  pa ths  which would act  as s h o r t  c i r -  
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c u l t  t o  t h e  supply. The temperature of t h e  u n i t  should be allowed t o  
i n c r e a s e  slowly which w i l l  enhance t h e  "cleaning" process. It may be 
necessary t o  increase /decrease  t h e  vol tage  i n  cyc le s  while maintaining 
cur ren t / tempera ture  t o  reach a des i r ed  ope ra t ing  voltage. 

6.3 High Power Tests 

a. Se t -up  

The set-up of t h e  EU and TF f o r  t e s t i n g  a t  both high vol tage  and a t  
high c u r r e n t  simultaneously r equ i r e  t h e  procedures of t h e  high c u r r e n t  
t e s t i n g  ( s e c t i o n  6.1) combined with the  procedures/precautions of t h e  
high vol tage  t e s t s  ( s e c t i o n  6.2). 

b. Test - 
Test r e s u l t s  a t  a given c u r r e n t  l e v e l  should be comparable f o r  a l l  
supply vol tages  provided t h a t  a d i e l e c t r i c  breakdown does not  occur. 
Since t h e  d e s t r u c t i v e  p o t e n t i a l  of a breakdown is r e l a t e d  t o  source 
vol tage  l e v e l  t h e  EU should be i n i t i a l l y  evaluated a t  low vol tage  
l e v e l s  a t  high c u r r e n t  and a t  high vol tage  l e v e l s  a t  low c u r r e n t  t o  
e s t a b l i s h  t h e  l o s s / h e a t  management and d i e l e c t r i c  i n t e g r i t y  
respec t ive ly .  

It should be noted t h a t  t he  vol tage  drop w i t h i n  c i r c u i t s  1 through 4 
and c i r c u i t s  5 through 8, wi th in  t h e  EU I s  extremely small r ega rd le s s  
of source  vol tage  un le s s  a d i e l e c t r i c  breakdown between t h e  two groups 
occurs. Should t h i s  m a t e r i a l i z e  t h e  major i ty  of t h e  source vo l t age  
would then appear ac ross  t h e  breakdown propagating a f a i l u r e  which 
would l i k e l y  be des t ruc t ive .  

The same precaut ions  r e l a t i v e  t o  b e l l  j a r  s h i e l d i n g  d iscussed  i n  
s e c t i o n  6.1 and 6.2 a r e  a l s o  app l i cab le  t o  the  high power t e s t i n g .  

The t r a n s f e r  e f f i c i e n c y  e of a given c i r c u i t  of the  EU maybe 
determined by first calculating t the heating l o s s  PL of the circuit. 

Where 

now 

where 

pL 

RC 

I 

T e 

% 

I2 RC 

E f f e c t i v e  c i r c u i t  r e s i s t a n c e  

Trans fe r  cu r ren t  

ES I - PL 

Es I 

Supply vol tage  
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7. POST TEST CONSIDERATIONS 

It is a good practice to measure and record the resistance at various 
locations on the EU both before and after testing as a reference. These 
measurements may be made by applying a known current 0 1  amp), measuring 
the voltage drop at the desired location and deriving the resistance. The 
alternate technique would be to use a conventional low current mllliohm 
meter such as Hewlett Packard Model 4328A.  If resistance is measured 
directly at a low current this value will be approximatley 30 percent 
higher than that calculated from a measured voltage drop. The reason for 
the differance is the sensitivity of the contact surfaces to airborne 
organic contaminants. These surface film contaminants do not degrade the 
performance of the EU as the normal currents w i l l  break through these films 
through a fritting action. 

During extended periods of storage the EU should be protected from the 
external contaminating environment by leaving it under the TF bell jar, 
preferably u n d e r  at l e a s t  a partial vacuum o r  atmosphere a €  in2rt gas such 
as nitrogen. Short exposures to standard laboratory atmospheres should not 
be harmful to the EU. 

8. DOCUMENT CONTROL 

No changes may be made to this document without engineering approval. 
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16. Abstract 

A program was completed to develop an evaluation unit of a high power 
rotary transfer device for potential application in a space environment. This 
device was configured around a Roll Ring concept which performs the same 
function as a slip ring/brush assembly with a rolling instead of sliding 
interface. An eight circuit Evaluation Unit (EU) and a portable Tc-s-: Fixture 
(TF) were designed and fabricated. The EU was designed to transfer currents 
to 200 amperes at a potential of as high as 500 volts for an ultimate 100KW/ 
circuit transfer capability. The EU was evaluated in vacuum at DC transfer 
currents of 50 to 200 amperes at voltages to 10 volts and at 500 volts at 
2 amperes. 
was completed. Power transfer in vacuum at levels and efficiencies not pre- 
viously achieved was demonstrated. The terminal-to-terminal resistance was 
measured to be (0.42 milliohms which translates to an efficiency at 100KW 
of 99.98 percent. 

The EU and TF have been delivered to the Lewis Research Center and are 
being prepared for testing at increased power levels and for life testing. 
This testing will include both DC and AC power. 

Power transfer to levels of 2KW through each of the eight circuits 
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